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ABBREVIATIONS

o2u
ACGIH

AIC
ALD
ALT
AST
ATSDR

BMD
BMDL
BMDS
BMR
BUN
BW

CA
CAS
CASRN

CBI
CHO

CL

CNS
CPN
CYP450
DAF
DEN
DMSO
DNA
EPA
FDA
FEV1
GD
GDH
GGT
GSH
GST
Hb/g-A
Hb/g-H
HEC
HED
i.p.

IRIS
IVF
LCso
LDso
LOAEL
MN

alpha 2u-globulin

American Conference of Governmental
Industrial Hygienists

Akaike’s information criterion
approximate lethal dosage

alanine aminotransferase

aspartate aminotransferase

Agency for Toxic Substances and
Disease Registry

benchmark dose

benchmark dose lower confidence limit
Benchmark Dose Software
benchmark response

blood urea nitrogen

body weight

chromosomal aberration

Chemical Abstracts Service

Chemical Abstracts Service Registry
Number

covalent binding index

Chinese hamster ovary (cell line cells)
confidence limit

central nervous system

chronic progressive nephropathy
cytochrome P450

dosimetric adjustment factor
diethylnitrosamine
dimethylsulfoxide

deoxyribonucleic acid
Environmental Protection Agency
Food and Drug Administration
forced expiratory volume of 1 second
gestation day

glutamate dehydrogenase
y-glutamyl transferase

glutathione
glutathione-S-transferase

animal blood:gas partition coefficient
human blood:gas partition coefficient
human equivalent concentration
human equivalent dose
intraperitoneal

Integrated Risk Information System
in vitro fertilization

median lethal concentration

median lethal dose
lowest-observed-adverse-effect level
micronuclei

MNPCE

MTD
NAG
NCEA

NCI
NOAEL
NTP
NZW
OCT
ORD
PBPK
PCNA
POD
POD{any]
QSAR

RDS
RfC
RfD
RGDR
RNA
SAR
SCE
SD
SDH
SE
SGOT

SGPT

SSD
TCA
TWA
UF
UFa
UFu
UFs

UFp

micronucleated polychromatic
erythrocyte

maximum tolerated dose
N-acetyl-B-D-glucosaminidase
National Center for Environmental
Assessment

National Cancer Institute
no-observed-adverse-effect level
National Toxicology Program

New Zealand White {rabbit breed)
ornithine carbamoyl transferase
Office of Research and Development
physiologically based pharmacokinetic
proliferating cell nuclear antigen
point of departure
duration-adjusted POD

gquantitative structure-activity
relationship

replicative DNA synthesis
inhalation reference concentration
oral reference dose

regional gas dose ratio

ribonucleic acid

structure activity relationship
sister chromatid exchange

standard deviation

sorbitol dehydrogenase

standard error

glutamic oxaloacetic transaminase, also
known as AST

glutamic pyruvic transaminase, also
known as ALT

systemic scleroderma
trichloroacetic acid

time-weighted average

uncertainty factor

interspecies uncertainty factor
intraspecies uncertainty factor
subchronic-to-chronic uncertainty
factor

database deficiencies uncertainty factor
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APPENDIX A. INFORMATION IN SUPPORT OF
HAZARD IDENTIFICATION

A.1. CHEMICAL PROPERTIES AND HUMAN EXPOSURE

A.1.1. Chemical Properties
Formaldehyde (CASRN 50-00-0) is the first of the series of aliphatic aldehydes and is a gas

at room temperature. Its molecular structure is depicted in Figure A-1. It is noted for its reactivity
and versatility as a chemical intermediate. It readily undergoes polymerization, is highly

flammable, and can form explosive mixtures with air. It decomposes at temperatures above 150°C

C—
H

Figure A-1. Chemical structure of formaldehyde.

At room temperature, pure formaldehyde is a colorless gas with a strong, pungent,

suffocating, and highly irritating odor (NLM, 2019). Formaldehyde is readily soluble in water,

alcohols, ether, and other polar solvents (WHO, 2002). A synopsis of its physicochemical properties

is given in Table A-1.

Production, uses, and sources of formaldehyde

Formaldehyde has both commercial and industrial uses. Formaldehyde has been produced
commercially since the early 1900s and, in recent years, has been ranked in the top 25 highest
volume chemicals produced in the U.S. (NTP, 2010; ATSDR, 1999). Based on EPA’s Chemical Data
Reporting (CDR} the national production volume for formaldehyde was 3.9 billion Ib/yrin 2011
and between 1 and 5 billion lbs/yr for the years 2012 through 2015

{(https://chemview.epa.gov/chemview/#).
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Table A-1. Physicochemical properties of formaldehyde

Name Formaldehyde
International Union for Pure and Applied Chemistry | Formaldehyde
name
Synonyms Formic aldehyde

Methanal
Methyl aldehyde
Methylene oxide
Oxomethane
Oxymethylene

Chemical Abstracts Service Index name

Formaldehyde

Chemical Abstracts Service Registry Number 50-00-0
Formula HCHO
Molecular weight 30.03

Density

Gas: 1.067 {air = 1)
Liquid: 0.815 g/mL at -20°C

Vapor pressure

3,883 mm Hg at 25°C

Log KOW

-0.75t00.35

Henry’s law constant

3.4 x 1077 atm-m3/mol at 25°C
2.2 x 102 Pa-m3/mol at 25°C

Conversion factors (25°C, 760 mm Hg)

1 ppm =1.23 mg/m3(v/v)
1 mg/m3=0.81 ppm (v/v)

Boiling point -19.5°C at 760 mm Hg
Melting point -92°C
Flash point 60°C; 83°C, closed cup for 37%, methanol-free aqueous solution; 50°C

closed cup for 37% aqueous solution with 15% methanol

Explosive limits 73% upper; 7% lower by volume in air

Autoignition temperature 300°C

Solubility Very soluble in water; soluble in alcohols, ether, acetone, benzene

Reactivity Reacts with alkalis, acids and oxidizers

Sources: Gerherich and Seaman (2013); WHO {2002); ACGIH {2001); ATSDR (1999); Walker {1975}

Approximately 55% of the consumption of formaldehyde is in the production of industrial

resins (NTP, 2010). Formaldehyde is a chemical intermediate used in the production of some

plywood adhesives, abrasive materials, insulation, foundry binders, brake linings made from
phenolic resins, surface coatings, molding compounds, laminates, wood adhesives made from
melamine resins, phenolic thermosetting, resin curing agents, explosives made from
hexamethylenetetramine, urethanes, lubricants, alkyd resins, acrylates made from
trimethylolpropane, plumbing components from polyacetal resins, and controlled-release fertilizers
made from urea formaldehyde concentrates (IPCS, 1989), as cited in (ATSDR, 1999}. Formaldehyde

is used in smaller quantities for the preservation and embalming of biological specimens. Itis also

used as a germicide, an insecticide, and a fungicide in some products. Itis found (as an ingredient
or impurity) in some cosmetics and personal hygiene products, such as some soaps, shampoos, hair

preparations, deodorants, sunscreens, dry skin lotions, and mouthwashes, mascara and other eye
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makeup, cuticle softeners, nail creams, vaginal deodorants, and shaving cream (NTP, 2010; WHO,
2002; ATSDR, 1999).

Formaldehyde is commonly produced as an aqueous solution called formalin, which is used

in industrial processes and usually contains about 37% formaldehyde and 12-15% methanol.
Methanol is added to formalin to slow polymerization that leads eventually to precipitation as
paraformaldehyde. Paraformaldehyde has the formula (CH»0)},, where nis 8 tc 100. Itis
essentially a solid form of formaldehyde and therefore has some of the same uses as formaldehyde

(Kiernan, 2000}. When heated, paraformaldehyde sublimes as formaldehyde gas. This

characteristic makes it useful as a fumigant, disinfectant, and fungicide, such as for the
decontamination of laboratories, agricultural premises, and barbering equipment. Long-chain
polymers (e.g., Delrin plastic} are less inclined to release formaldehyde, but they have a
formaldehyde odor and require additives to prevent decomposition.

The major sources of anthropogenic emissions of formaldehyde are motor vehicles, power
plants, manufacturing plants that produce or use formaldehyde or substances that contain
formaldehyde (i.e., adhesives}, petroleum refineries, coking operations, incineration, wood burning,
and tobacco smoke. Among these anthropogenic sources, the greatest volume source of

formaldehyde is automotive exhaust from engines not fitted with catalytic converters (NEG, 2003).

The Toxic Release Inventory (TRI) data for 2016 show total releases of 19.4 million pounds with
about 13 million to underground injection (EPA TRI Explorer,

https://iaspub.epa.gov/triexplorer/tri release.chemical}.

Formaldehyde is formed in the lower atmosphere by photochemical oxidation of
hydrocarbons or other formaldehyde precursors that are released from combustion processes

{ATSDR, 1999). Formaldehyde can also be formed by a variety of other natural processes, such as

decomposition of plant residues in the soil, photochemical processes in sea water, and forest fires
(NLM, 2019).

The input of formaldehyde into the environment is counterbalanced by its removal by

several pathways. Formaldehyde is removed from the air by direct photolysis and oxidation by
photochemically produced hydroxyl and nitrate radicals. Measured or estimated half-lives for

formaldehyde in the atmosphere range from 1.6 to 19 hours, depending upon estimates of radiant

energy, the presence and concentrations of other pollutants, and other factors (ATSDR, 1999).
Given the generally short daytime residence times for formaldehyde, there is limited potential for

long-range transport (WHO, 2002). In cases where organic precursors are transported long

distances, however, secondary formation of formaldehyde may occur far from the anthropogenic
sources of the precursors.
Formaldehyde is released to water from the discharges of both treated and untreated

industrial wastewater from its production and from its use in the manufacture of formaldehyde-
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and/or hydrogen peroxide for drinking-water disinfection. In water, formaldehyde is rapidly

hydrated to form a glycol, and the equilibrium favors the glycol.

A.1.2. Human Exposure

While exposure assessments are not included in IRIS toxicological reviews, this section on
human exposure to formaldehyde is intended to provide context for the analyses of hazard
identification and dose-response presented in this assessment. General population exposure to
formaldehyde can occur via inhalation, ingestion and dermal contact, with inhalation exposure
representing the primary exposure route. Each of these pathways and associated media levels are

discussed below. Formaldehyde exposure can occur occupationally via three main scenarios:

¢ The production of aqueous solutions of formaldehyde (formalin} and their use in the
chemical industry (e.g., for the synthesis of various resins, as a preservative in medical
laboratories and embalming fluids, and as a disinfectant).

¢ Release from formaldehyde-based resins in which it is present as a residue and/or through
their hydrolysis and decomposition by heat {e.g., during the manufacture of wood products,
textiles, synthetic vitreous insulation products, and plastics]. In general, the use of
phenol-formaldehyde resins results in much lower emissions of formaldehyde than those of
urea- based resins.

¢ The pyrolysis or combustion of organic matter (e.g., in engine exhaust gases or during
firefighting) (IARC, 2006).

Occupational exposures occur not only during the production of products containing

formaldehyde, but also during the use of these products in construction and decoration (Kim et al.
services, printing and publishing, manufacture of chemicals and allied products, manufacture of
apparel and allied products, manufacture of paper and allied products, personal services,

machinery {except clerical), transport equipment, and furniture and fixtures (IARC, 1995).

Exposure levels for the workers of various professions in a selected number of studies range from
49 to 4,280 pg/ms3 (40 to 3,480 ppb)}, with plywood particle board production workers having the
highest exposures (Kim et al., 2011).

In recent years, concerns have been raised regarding occupational exposures resulting from
the use semi-permanent professional hair straightening products. In 2010, responding to requests
from hair salon employees to the National Institute of Occupational Safety and Health (NIOSH), a
study of hair smoothing treatment products marketed as formaldehyde free was conducted. The
ranged from 6.8 to 11.8%, with an average of 8.8%. Air samples taken in seven hair salons during
smoothing treatments showed 8-hour time-weighted average concentrations of formaldehyde

depending on factors such as room ventilation, ceiling height, room size, and duration of the
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treatment (CPC, 2011). Another study by Pierce etal. (2011) collected air samples during the use

of four commercially available hair smoothing products. The hair stylist 8-hour time-weighted
average concentrations of formaldehyde ranged from 24.6 pg/ms3 (20 ppb) to 196.8 pg/m3 (160
ppb) for one treatment per day and 61.5 pg/m?3 (50 ppb} to 922.5 pg/m3 (750 ppb} for four

consecutive treatments (Pierce et al., 2011). Time weighted average concentrations decreased as

the distance from the treatment location increased (Pierce etal., 2011).

Inhalation

EPA’s AirToxScreen (https://www.epa.gov/AirToxScreen; note: a previous version was the

National Air Toxics Assessment) provides modeled formaldehyde concentrations based on
emissions inventories and meteorological data for areas such as counties, states and the nation and
includes the contiguous US, Alaska, Hawaii, Puerto Rico, and Virgin Islands. The range of estimated
county mean outdoor air concentrations is 0.1 - 4.3 pg/ms3. The breakout by Sector is illustrated in
Figure A-2.

Ambient air monitoring data for formaldehyde are available from EPA’s Ambient
Monitoring Archive for HAPs which includes data from the Air Quality System database and other

data sources (https://www.epa.gov/amtic/amtic-air-toxics-data-ambient-monitoring-archive).

Measurement data are collected from National Air Toxic Trends Sites (NATTS) and other sites
across the country operated by state, local, and tribal agencies that are not part of the NATTS
network. Data for the year 2018, come from 100 monitors located in 27 states and the District of
Columbia. The annual means for these monitors range from 0.25-11.06 pg/m?3 (0.20-9.01 ppb) and
have an overall average of 2.97 ug/m?3 (2.42 ppb). The annual means were derived by EPA through
averaging all available daily data from each site that has at least three valid quarters for the year
(l.e, avalid quarter is a quarter that contains at least seven daily averages)
(https://www.epa.gov/system /files/documents/2021-08/annual-average-statistics-
documentation-2018.pdf). Table A-2 presents the data by land use category based on the annual
means from each site for 2018. The land use is established in the Air Quality System database from

the site description.
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Figure A-2. Formaldehyde Ambient Concentrations Contribution by Sector.
Source: Based on 2017 AirToxScreen (EPA/OAR).

Table A-2. Ambient air levels by land use category based on 2018 annual site
averages

Annual formaldehyde ambient air concentrations by category (ug/m®)
Agriculture | Commercial Forest Industrial Mobile Residential
Number of annual averages 5 31 4 11 6 43
Mean 2.02 2.88 1.98 3.42 3.80 3.00
Minimum 1.40 0.25 1.03 1.74 2.02 0.88
Maximum 2.61 4.84 3.40 8.25 5.71 11.06

Source: EPA’s Ambient Monitoring Archive for HAPs which includes data from the Air Quality System and other

data sources at https://www.epa.gov/amtic/amtic-air-toxics-data-ambient-monitoring-archive.

In general, ambient levels of formaldehyde in outdoor air are significantly lower than those

measured in the indoor air of workplaces or residences (ATSDR, 1999; IARC, 1995). Indoor sources

of formaldehyde in air include volatilization from pressed wood products, carpets, fabrics,

insulation, permanent press clothing, latex paint, and paper bags, along with emissions from gas
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burners, kerosene heaters, and cigarettes. Kim etal. (2015b) suggested that air fresheners, scented
candles, and electric diffusers may also contribute to indoor concentrations of formaldehyde.
Indoor air levels are affected by the age of the source materials, temperature, humidity, and
ventilation rates (Parthasarathy etal., 2011; (IARC}, 2006). Release rates of formaldehyde from

consumer products have been published in the literature. Table A-3 presents a selected number of

products and their respective emission rates in pg/m?2-hr.

In general, the major indoor air sources of formaldehyde can be described in two ways: (1)
those sources that have the highest emissions when the product is new with decreasing emission
over time, as with the first set in the examples above; and (2} those sources that are reoccurring or
frequent such as the second set of examples above. Several studies were found in the literature that
investigated indoor air concentrations of formaldehyde in various housing types. Median indoor air
concentrations in various European countries in both commercial and residential buildings ranged
from 10 pg/m?3to 50 pg/m3 (Sarigiannis et al., 2011). A summary of residential indoor air data in
the U.S. and Canada is provided in Table A-4. These are organized by manufactured (i.e., mobile
homes/trailers with wheels that are designed to be moved) and conventional housing and in
chronological order, beginning with the most recent studies. Results vary depending on housing
characteristics and date of study. In general, higher concentrations are found in manufactured
houses.

Even though formaldehyde levels in construction materials have declined, indoor inhalation
concerns still persist. For example, as shown in Table A-4, studies have measured formaldehyde
levels in manufactured homes. ATSDR (2807) reported on air sampling in 96 unoccupied trailers
provided by the Federal Emergency Management Agency (FEMA) used as temporary housing for
people displaced by Hurricane Katrina (see Table A-4}. Formaldehyde levels in closed trailers
averaged 1,279 + 849 ug/m3 (mean t standard deviation [SD]) (1.04 + 0.69 ppm}, with a range of
12-4,500 ug/m?3 (0.01-3.66 ppm). The levels decreased to an average of 480 + 324 ng/m3 (0.39
0.27 ppm)}, with a range of 0.00-2,005 pg/m3 (0.00-1.63 ppm} when the air conditioning was
turned on. Levels also decreased to an average of 111 + 98 pg/m3 (0.09 £ 0.08 ppm), with a range
of 12-603 pg/m? (0.01-0.49 ppm) when the windows were opened. ATSDR (2007} found an
association between temperature and formaldehyde levels; higher temperatures were associated
with higher formaldehyde levels in trailers with the windows closed. They also noted that different
commercial brands of trailers yielded different formaldehyde levels.

In December 2007 and January 2008, the Centers for Disease Control and Prevention (CDC)
measured formaldehyde levels in a stratified random sample of 519 FEMA-supplied occupied travel

trailers, park models, and mobile homes (“trailers”) (CDC, 2008). At the time of the study, sampled

trailers were in use as temporary shelters for Louisiana and Mississippi residents displaced by
hurricanes Katrina and Rita. The geometric mean level of formaldehyde in sampled trailers was 95
ug/ms3 (77 ppb), and the range was 3.7-726 yg/m3 (3-590 ppb) (see Table A-4).
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Another study by Maddalena et al. (2008) measured indoor air concentrations for a range of
volatile organic compounds (VOCs}, including formaldehyde in four unoccupied temporary housing
units (i.e., mobile homes} under steady state ventilation conditions. A morning and afterncon
measurements were taken for each unit. The overall average air concentration of formaldehyde for
and CDC (2008). Consistently higher air concentrations of formaldehyde were measured in the
afternoon samples.

Air concentrations of formaldehyde were lower for conventional housing as shown in Table
A-4. Mean values from studies published between 1980 and 2008 ranged from 6.2 to >1,230
ug/ms3. Although no conclusions could be drawn based on the age of the study alone, some of the
studies in Table A-4 suggests that air concentrations are influenced by the age of the house and
season of the year. Lower air concentrations were observed as the age of the house increased.
Higher concentrations were generally observed during the summer months.

Salthammer et al. (2010) present a thorough review of formaldehyde sources and levels
found in the indoor environment. Based on an examination of international studies carried out in
2005 or later they conclude that the average exposure of the population to formaldehyde is 20 to 40
ug/ms? under normal living conditions. Figure A-3 summarizes the range of formaldehyde air
concentrations in various environments. The dotted line represents the WHO guidelines of 100
high as 204 pg/m?3 in nursery schools in Portugal.

Data on formaldehyde levels in outdoor and indoor air were collected under Canada’s
National Air Pollution Surveillance program (WHO, 2002; Health Canada, 2001). The effort
included four suburban and four urban sites sampled in the period 1990-1998. A Monte Carlo

analysis applied to the pooled data (n = 151) was used to estimate the distribution of time-weighted
24-hour air exposures. This study suggested that mean levels in outdoor air were 3.3 pg/ms3 (2.7
ppb) and mean levels in indoor air were 35.9 pg/m3 (29.2 ppb} (Health Canada, 2001). The
simulation analysis also suggested that general population exposures averaged 33-36 pg/m?3
{27-30 ppb).

Since the early to mid 1980s, manufacturing processes and construction practices have
been changed to reduce levels of indoor formaldehyde emissions {(ATSDR, 1999). A 2008 law

enacted by the California Air Resource Board (Final Regulation Order: Airborne Toxic Control

Measure to Reduce Formaldehyde Emissions from Composite Wood Products;
http://www.arb.ca.gov/regact/2007 /compwood(7 /fro-final.pdf} has limited the amount of
formaldehyde that can be released by specific composite wood products (i.e,, hardwood plywood,
particle board, and medium density fiberboard) sold, supplied, or manufactured for use in
California. For this reason, the mean indoor air levels presented by Health Canada (2001} (based

on samples collected from 1989-1995) may overestimate current levels.
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Table A-3. Formaldehyde emission rates from various consumer products

Products Emission Rate (pg/m?-hr) Reference
Pressed wood products ND-1,500 Pickrell et al. {1983)
New clothing 0.63-31.25 Pickrell et al. {1983)
Insulation products 2.17-25.83 Pickrell et al. {1983)
Paper plates and cups 3.13-41.67 Pickrell et al. (1983}
Fabrics ND-14.58 Pickrell et al. {1983)
Carpets ND-2.71 Pickrell et al. {1983)
Carpets with urethane foam backing 411-6° Yu and Crump (1998)
Textile carpet 83-36° Yu and Crump {1998}
Carpet with synthetic/PVC fibers 120-11° Yu and Crump {1998)
Carpet assembly 153,000-783° Yu and Crump {1998}
Carpet underlay 8,110-12° Yu and Crump {1998}
Vinyl/PVC flooring 22,280-91° Yu and Crump {1998)
Linoleum flooring 220-22° Yu and Crump (1998)
Vinyl tiles 91-45° Yu and Crump {1998}
Rubber floorings 1,400° Yu and Crump {1998)
Soft plastic flooring 590b Yu and Crump {1998}
Cork floor tiles 805-7° Yu and Crump {1998)
Mineral wool insulation batt 15-12b Yu and Crump (1998)
Glass wool fibrous insulation 4-0.08 Yu and Crump (1998)
Extruded polystyrene thermal insulants 1,400-22° Yu and Crump {1998}
Extruded polyethylene duct and pipe insulants 0.8-0.28° Yu and Crump (1998}
Plastic laminated board 0.4° Yu and Crump {1998}
Vinyl and fiber glass wallpaper 300° Yu and Crump (1998)
PVC foam wallpaper 230 Yu and Crump (1998)
PVC wall covering 100 Yu and Crump (1998)
Vinyl coated wallpaper 95-20 Yu and Crump {1998}
Vinyl wallpaper 40 Yu and Crump {1998)
Wallpaper 100-31 Yu and Crump {1998}
Vapor barriers {bituminous tar) 6.3¢ Yu and Crump {1998)
Black rubber trim for jointing 103 Yu and Crump (1998)
Vinyl covering 46-304 Yu and Crump (1998)
Textile wall and floor coverings 1,600° Yu and Crump {1998}
Acoustic partitions 158-6° Yu and Crump {1998}
Office chair 1,060-100° Yu and Crump {1998)
Particle board 1,500-2,167¢ Pickrell et al. (1984)
200-282 Yu (Yu and Crump, 1998)
Plywood 1,292-1,375¢ Pickrell et al. (1984)
1,450-44 Yu and Crump (1998)
Bare urea-formaldehyde wood products (%—%") 8.6-1,580" Kelly et al. (1999)
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Products

Emission Rate (pg/m?-hr)

Reference

Coated urea-formaldehyde wood products <2.7-460" Kelly et al. (1999)
Permanent press fabric 42-215 Kelly et al. (1999)
Decorative laminates 4.2-51" Kelly et al. {1999)
Fiberglass products 16-32f Kelly et al. (1999}
Bare phenol-formaldehyde wood products 4.1-9.2 Kelly et al. (1999)
Paper grocery bags <0.5 Kelly et al. (1999)
Paper towels <0.6 Kelly et al. (1999)
Latex paint 326-854° Kelly et al. (1999)
Finger nail hardener 178,000-215,500° Kelly et al. {1999)
Nail polish 20,700° Kelly et al. (1999)

Commercially applied urea-formaldehyde floor finish

421-1,050,000°

Kelly et al. (1999)

2 The first number in the range indicates initial emissions; the second number indicates emissions after some time

(e.g., hours, days, months).
b Values represent initial emissions.
€124 days old.
4<98 days old.

€ Range indicates different test conditions in temperature and relative humidity.
fEmission rates represent typical conditions, defined as 70 °F, 50% Relative Humidity, and 1 air change per hour.

Table A-4. Studies on residential indoor air levels of formaldehyde

Concentration mean

(range);
Location {year measured) Na pg/m? Reference
Manufactured housing
LA & MS, FEMA-supplied temporary housing 519° 95 (3.7-726)° CDC (2008)
units (Dec. 2007-Jan. 2008)
FEMA 4 temporary housing units (2007) 4b 569 (331-926) Maddalena et al.
2008
Baton Rouge, LA, 96 FEMA-supplied ATSDR (2007}
temporary housing units (2006}
Baselined 96 1,279 (12-4,500)
Ventilation with air conditioning and
bathroom vents only 852 480 (0-2,005)
Ventilation with open windows and vents
863 111 (12-603)
Florida, new manufactured house (2000) NR 95 (NR) Hodgson et al. (2002)°
United States, East and Southeast (1997-98) 4 42 (26-58) Hodgson et al. {2000)°
California, mobile homes (1984-85) 470 86-111(NR) Sexton et al. (1989}
United States (NR) Gammage and
Complaint mobile homes >500 123-1,107 (0-5,166) Hawthorne (1985)
Newer mobile homes 260 1,032
Older mobile homes 308
Texas, mobile homes whose residents Norsted et al. {1985)
requested testing (1979-82) 443b NR (ND-9,840)
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Concentration mean

(range);
Location {year measured) Na pg/m? Reference
Homes < 1 yr old > 2,460 for 27% of homes
Homes > 1 yr old > 2,460 for 11.5% of homes
United States (NR) 430° > 1,230 for 4% of samples Breysse (1984)%
615-1,230 for 18% of samples
123-615 for 64% of samples
< 123 for 14% of samples
United States (NR) 431° 470 (12-3,599) Ulsamer et al. {1982)8
United States (NR) Stone et al.,, 19818
Complaint homes, WA, < 2 yr old 110° 950 (NR)
Complaint homes, WA, 2-10 yr old 77° 581 (NR)
Complaint homes, MN, < 2 yr old 66° 1,041 (NR)
Complaint homes, MN, 2-10 yr old 435 339 (NR)
Complaint homes, Wi, < 2 yr old 38° 891 (NR)
Complaint homes, WI, 2-7 yr old gb 560 (NR)
Random sample, Wi, < 2 yr old NR 661 (NR})
Wisconsin, complaint homes, 0.2-12 yr old 65° 590" (NR) Dally et al. (1981)%

(NR)

Conventional housing or unspecified

California (2011-2013) 352° 21 (NR) Vardoulakis et al.
(2020)
Cincinnati, Chio (2011) (median, IQR} 96 Coombs et al. (2016)
Low income homes, renovated and 20 (14—33)
nonrenovated, all measurements
Quebec City, Canada (2008-2011) 83k 37 (NR) Vardoulakis et al.
(2020)
Summer Field, CA (2006) 52° 36 (4.7-143.6) Offermann et al. (2008)
Québec, Canada (2005) 96° 30 (9.6-90) Gilbert et al. (2006)
Prince Edward Island, Canada (winter 2002) 59b 39.0 (5.5-87.5) Gilbert et al. (2005)
Los Angeles, CA; Houston, TX, and Elizabeth, 398 2271 Weisel et al. (2005}
NJ (summer 1999-spring 2001)
New York City, NY(46 houses}(1999), Los Sax et al. (2004
Angeles, CA (41 houses) (2000)
NYC (winter) 37 12 +4.7 (5.2-22)
NYC (summer) 41 21 +11(5.8-51)
LA (winter) 40 21 +11(7.9-59)
LA (fall) 33 16+6.2 (8.2-32)
Canada (1989-1995) 151 36 (12-144) Environment Canada
Northwest Territories; Windsor, Ontario; {2000}
Hamilten, Ontario; Trois-Riviéres, Québec;
Saskatoon, Saskatchewan
United States, East and Southeast, site-built 7 44)(17-71) Hodgson et al. {(2000)°
houses (1997-1998)
Arizona (Jun. 1995~Feb. 1998) 189 21" (max. 408) Graf et al. {1999
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Concentration mean
(range);

Location {year measured) Na pg/m? Reference
Louisiana, 53 houses: 75% urban;25% rural 419 460 (ND-6,599) Lemus et al. (1998)°
(NR)

Boston, MA (1993) 14 13.7 (7.4-19.8) Reiss et al. {1995)°
winter, 4 residences 26 19.8 (7.3-66.2)
summer, 9 residences

Maryland (1995} 1v Hare et al. (1996
Newly build house <94
30 days after installation pressed wood 55

Colorado {1992-93) 9 Lindstrom et al. (1995)°
Prior to occupancy 26 (8.0-66)

After occupancy for 5 months 49 (33.0-81.2)
New lersey, 6 residential houses (1992) 36 67.1(33-125) Zhang et al. {1994)
Arizona, houses (NR}) 202" 32 {max. 172) Krzyzanowski et al.
{1990} ¢

United States, residential, various locations 273 44.0"(NR) Shah and Singh (1983)b

(1981-84)

San Francisco, CA, Bay Area (1984) Sexton et al. (1986)°
Kitchen 48 50 (NR)

Main bedroom 45 44 (NR)
United States (NR) Gammage and
Homes with UFFI >1,200 62-148 (123-4,182) Hawthorne {1985}
Homes with UFFI 131 31-86 (12-209)
Pullman, WA, houses (NR) NR 6.2-89 (NR) Lamb et al. {1985
United States (NR) Breysse (1984}
UFFl houses 244° > 1,230 for 2.8% of samples
615-1,230 for 1.9% of samples
123-615 for 24.1% of samples
Non-UFFl houses and apartments 59° < 123 for 71.2% of samples
> 1,230 for 1.8% of samples
615-1,230 for 1.8% of samples
123-615 for 36.3% of samples
< 123 for 60.1% of samples
United States (1982) Hawthorne et al.
Houses 0-30 yr old 40° 75.9£95.0' (1983)8
Houses 0-5 yr old 18° 103.0+ 112.1
Houses 5-15 yr old 11°b 52.0 £52.0
Houses > 15 yr old 11°b 39.0£52.0
Houses 0-5 yr old 18° 107.0+ 114.0'
spring 137 + 125
summer 58.0 £ 68.0'
autumn

Houses 5-15 yr old 11°b 53.0+49.0
spring 60.0 £ 59.0
summer 41.9 +43.1
autumn
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Concentration mean
(range);
Location {year measured) Na pg/m? Reference
Houses > 15 yr old
spring 11° 44.0 +63.0
summer 36.0 £ 46.0
autumn 32.0+£28.0
United States (1983) Grimsrud et al. (1983)8
Energy-efficient new houses 20° 76 (NR)
Low-ventilation modernized houses 16t 37 (NR)
United States (1981) Ulsamer et al. (1982)8
Houses without UFFI 41° 40 (12-98)
Houses with UFFI 636° 150 (12-4,200)
United States (1980-81) Offerman et al., 19828
Houses averaging 2 yr old gb
air-tight construction 44 + 27
mechanical ventilation 33 %20
Houses averaging 6 yr old {loose 1b 17 (NR)
construction)
United States (1978-79) 13® 120"(NR) Dally et al. {1981)%
United States (1979) 2° Berk et al. (1980)®
Energy-efficient house 98 (40-150)
Unoccupied house without furniture 81+7.0
Unoccupied house with furniture 225+ 16.0
Occupied house
day 263 1 26.0'
night 141 + 44.0'

Note: Concentrations were converted from ppb to pg/m? for consistency (1 ppb = 1.23 pg/m?3).

ND = not detected; NR = not reported.

@ Number of samples unless denoted with footnote (b).

b Number of houses.
¢ Geometric mean.

4 Baseline refers to initial levels measured 4 days prior to intervention phase of the study during which
ventilation via air conditioning or open windows was provided.

¢ Cited in (IARC} (2006).

fCited in ATSDR (1999).

& Cited in IPCS {1989).
h Median.

Standard deviation.

Source: Adapted from NTP {2010) and other sources as noted.
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0.1 1 10 100 1000

Figure A-3. Range of formaldehyde air concentrations (ppb) in different
environments.

Notes: Graph is in logarithmic scale; “Normal indoor conditions,” “polluted indoor conditions,” and “extreme
conditions” were not defined.
Source: Salthammer et al. (2010).

In addition, the Canadian indoor air data may overestimate formaldehyde levels in U.S.
homes, because many residential homes in Canada use wood burning stoves more frequently and
have tighter construction {due to colder winters), leading to less dilution of indoor emissions. The
outdoor air levels, however, appear to have remained fairly constant over recent years, and the
median outdoor level from the Canadian study (2.8 pg/m?3} (2.3 ppb} is very similar to the median
of the U.S. monitoring data (2.83 pg/m?3} (2.3 ppb} in 1999.

Indoor air measurements combined with information about daily activity diaries have been
used as surrogate of personal exposures. A recent study conducted with 41 children ages 9-12
years old in Australia concluded that although indoor air measurements from stationary monitors
tended to slightly overestimate personal exposures, they were a good surrogate of personal
exposures to children (Lazenby et al., 2012). The mean exposure from personal monitors ranged
from <5 to 34 pg/m3 (<4-26.3 ppb) with a mean of 13.7 pg/m?3 (11.1 ppb) (Lazenby et al,, 2012).

Ingestion

Limited U.S. data indicate that concentrations in drinking water may range up to
approximately 10 pg/L in the absence of specific contributions from the formation of formaldehyde
by ozonation during water treatment or from leaching of formaldehyde from polyacetyl plumbing
fixtures (WHO, 2002). In the absence of other data, one-half this concentration (5 pg/L} was judged
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to be a reasonable estimate of the average formaldehyde in Canadian drinking water.
Concentrations approaching 100 pg/L were observed in a U.S. study assessing the leaching of
formaldehyde from domestic polyacetal plumbing fixtures, and this concentration was assumed to

be representative of a reasonable worst case (WHO, 2002).

Formaldehyde has been used in the food industry for the preservation of dried foods, fish,

certain oils and fats, and disinfection of containers (ATSDR, 1999). Formaldehyde is a natural

component of a variety of foodstuffs (1995; IPCS, 1989). However, foods may be contaminated with

formaldehyde as a result of fumigation {e.g.,, grain fumigation}, cooking (as a combustion product},

and release from formaldehyde resin-based tableware (1ARC, 1995). Also, the compound has been

used as a bacteriostatic agent in some foods, such as cheese (1ARC, 1995). There have been no

systematic investigations of levels of formaldehyde in a range of foodstuffs that could serve as a

basis for estimation of population exposure (Health Canada, 2001). According to the limited

available data, concentrations of formaldehyde in food are highly variable. In the few studies of the
formaldehyde content of foods in Canada, the concentrations were within a range of

<0.03-14 mg/kg (Health Canada, 2001). Data on formaldehyde levels in food have been presented

by Feron etal. (1991) and WHO (1989) from a variety of studies, yielding the following ranges of
measured values:

¢ Fruits and vegetables: 3-60 mg/kg
¢ Meat and fish: 6-20 mg/kg
e  Shellfish: 1-100 mg/kg

¢ Milk and milk products: 1-3.3 mg/kg

for an average adult. Similarly, Fishbein (1992} estimated that the intake of formaldehyde from

food is 1-10 mg/day but discounted this on the belief that it is not available in free form. Although
the bioavailability of formaldehyde from the ingestion of food is not known, it is not expected to be
significant (ATSDR, 1999}. Using U.S. Department of Agriculture (USDA) consumption rate data for

various food groups, Owen et al. (1990) calculated that annual consumption of dietary

formaldehyde results in an intake of about 4,000 mg or approximately 11 mg/day.

Al.1.1. Dermal Contact

The general population may have dermal contact with formaldehyde-containing materials,
such as some building products and cosmetics (see Section 1.2 for the details on these products).
Generally, though, dermal contact is more of a concern in occupations that involve handling
concentrated forms of formaldehyde, such as those occurring in embalming and chemical

production.
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A.2. TOXICOKINETICS OF INHALED AND ENDOGENOUS FORMALDEHYDE

This chapter presents specific information on the toxicokinetics [absorption, distribution,
metabolism, and excretion (ADME]}] of inhaled and endogenously produced formaldehyde from
human and experimental animal studies. Although toxicokinetics is typically discussed in a
sequential manner [i.e., with absorption defined as delivery to the blood; distribution describing
delivery to the target tissue(s}; metabolism outlining conversion to a more-or-less active chemical
species, often metabolism occurs in liver, target tissue elsewhere; and excretion documenting tissue
clearance and removal processes], the primary site of action of inhaled formaldehyde is at the
portal of entry (POE]), specifically within the upper respiratory tract (URT}. Therefore, this section
will first discuss the uptake (also referred to as “absorption” in the formaldehyde literature} of
inhaled formaldehyde into the URT tissue, and its transport, metabolism, and removal within the
POE. Following this is a description of what is known regarding the absorption of formaldehyde
from the POE into the blood and the potential for distribution of exogenous formaldehyde to
systemic sites, along with a discussion of formaldehyde metabolism and excretion processes that
may occur outside of the POE.

Formaldehyde is produced endogenously during normal cellular metabolism and as a
byproduct of lipid peroxidation, or as a product in the catabolism of other chemicals introduced
through dietary, environmental, or pharmaceutical sources. Therefore, discussions of inhaled
formaldehyde require a consideration of the potential impact of endogenous formaldehyde on its
toxicokinetics, as well as on its toxicity. The available evidence on the metabolism and kinetics of
endogenous formaldehyde is discussed within each of the following subsections specifically as it
pertains to the toxicokinetics of exogenous formaldehyde.

In the last subsections, the available toxicokinetic models of formaldehyde are presented.

A.2.1. Toxicokinetics of Inhaled Formaldehyde at the Portal of Entry (POE)

Formaldehyde is a highly reactive, highly water soluble, respiratory irritant, towards which
the human body has developed several detoxification and removal processes at the site(s) of first
contact (e.g., nasal passages for inhalation}). Thus, this discussion of the toxicokinetics of inhaled
formaldehyde at the POE is organized according to the most likely sites of first contact between
inhaled formaldehyde and biological materials, in the context of the known anatomy and potential
elimination processes of the respiratory tract tissues. Several of the key considerations for
evaluating the toxicokinetics of inhaled formaldehyde at the POE in the rat nose are represented
schematically in Figure A-4. The respiratory tract is divided broadly as (1} upper respiratory tract
(URT]), which includes the nasal cavity, pharynx, and larynx and (2) the lower respiratory tract
(LRT) comprising the trachea, bronchi, and lungs. Species differences in the structure of the
airways, as well as the composition of the surface epithelium at various nasal locations, are
important considerations to keep in mind when interpreting results in rodents and extrapolating

observations to humans. Nasal passages, starting from anterior to posterior, are lined by four
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different types of epithelia: (1) squamous or keratinized, stratified (nasal vestibule}; (2}
transitional or nonciliated cuboidal /columnar; (3) respiratory or ciliated pseudostratified
cuboidal/columnar (main chamber and nasopharynx}; and (4} olfactory (dorsal and dorsoposterior

nasal cavity) (Harkema et al., 2006)}. It is important to note that rodents and humans differ in the

distribution of nasal epithelial surfaces. For example, the olfactory epithelium in rats and mice

makes up approximately 50-52% and 45-47%, respectively, of the nasal cavity surface area,

~N Oy U R W N e

whereas in humans, it makes up only 3% (Sorckin, 1988; Gross et al,, 1982).

Rat nose [formaldehyde
{in red], squamous
epithelivm {z2),
respiratory epithelium
{re], nasal turkinates with
olfactary epithelium {(NT-
oef orwith re {NT-re),
eribiform plate {CP), and
olfactory bulk {QB)]

Masopharynz (o lowsr
respiratory tract)

tnspired air and
formaldehyde {red)

formaldebyde "" —j Mucus
conzentration P il
Epithelium

[gpithelial calls
{EC) and guoblet
cells {GL}]

1 Basement membrane

Lamina propria

[systemic circulation

{SC] and lymphoid
tissue [MALT]]

Masal mucosa [respiratory spithelium]

Figure A-4. Schematic of the rat upper respiratory tract depicting the gradient
of formaldehyde concentration formed following inhalation exposure, both
from anterior to posterior locations, as well as across the tissue depth.
Modeling based on observations in rodents predicts a similar pattern of distribution
in humans. Drawn based in part on images by NRC (2011) and Harkema et al.
{2006). Note: other components (e.g., naris; transitional epithelium) have been
omitted to increase clarity.

8 A.2.2. Spatial Distribution of Tissue Uptake of Formaldehyde at the Portal of Entry
9 The distribution of inhaled formaldehyde within the URT and LRT can provide information

10  useful to interpreting any potential toxicity. The nasal passages in humans are generally similar to
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other mammalian species. One key difference, however, is that humans and nonhuman primates
have nasal passages adapted for both oral and nasal {oronasal) breathing, as opposed to obligate
nasal breathing in rodents. A second key difference regards the shape and complexity of the nasal
turbinates, with relatively simple shapes in humans, and complex, folded patterns in rodents. In
general, these differences provide better protection of the rodent LRT against inhaled toxicants
than is provided to the human LRT (Harkema et al., 2006).

Indirect measurement studies

Much of what is known regarding the uptake of formaldehyde is based on indirect
measurements of formaldehyde-induced changes and/ or molecular interactions, or removal of
formaldehyde from the air. This is because, in biological systems, formaldehyde exists as total or

analyzable formaldehyde, which includes free and reversibly bound (acid-labile) forms (Heck et al.

1982). Conventional methods cannot directly measure low levels of free formaldehyde with
certainty in tissues and body fluids. Additionally, carbonyl impurities such as acetone,

formaldehyde and acetaldehyde are present even in quartz distilled water and may interfere in the

measurements (Esterbauer et al, 1982). Uptake of formaldehyde {defined as retention within the
respiratory tract tissue}, based on rough estimates determined from the amount of formaldehyde
removed from the air, indicate that majority large percentage of formaldehyde is removed from
inhaled air by the URT.

Indirect estimates of formaldehyde uptake, based on interactions with cellular materials,
have been made in experimental animals, including monkeys {(Casanova et al., 1991; Monticello et
al., 1989), dogs (Egle, 1972), and rats (Kimbell et al.. 2001b; Chang et al., 1983; Heck et al., 1983;
Kerns et al., 1983) as shown in Table A-5.

Table A-5. Dosimetry and response of formaldehyde in experimental animals
by indirect measurements

Reference and
species Exposure and analysis Observations
Casanova et al. 0.86, 2.46, 7.38 mg/m3for 6-hr DPX Levels Area of the respiratory tract
(1991); [¥4C]CH,0 from [4C]PFA.
Monkeys, rhesus; Est|m?ted the. amount of DNA- Highest Middle turbinate mucosa
male, n=9; 8.74 kg; protein crosslinks {DPX) formed
4.6 yrold in various tissues Lower Anterior lateral wall/septum and nasopharynx
Very low Larynx/trachea/carina
None Macxillary sinuses and lungs
Monticello et al. 7.4 mg/m3, 6 hrs/d; 5 d/wk; 1 or
(1989) Monkeys, |6 wk CH,O from PFA. Animals Proliferation Area of the respiratory tract
rhesus: injected with [3H]-Thd, sacrificed,
male ’ histoauto-radiography of cell —
n=9: [4—6 yrs; 6-7 kg proliferation measured Significant Nasal passages
Minimal Lower respiratory tract
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Reference and
species Exposure and analysis Observations
None Macxillary sinuses
150 to 350 mg/m? CH,0 vapors
Egle (1972) ) g./ : P Uptake at all ventilation rates and concentrations
Dogs/Mongrel; from formalin; nose-only
. |inhalation from a respirometer;
,I\J/I_a4llela3n—cli;ek:ale, animals preanesthetized; Total respiratory tract (TRT) ~100%
’ aldehydes analyzed by a - -
. . URT- inhalation 100%
colorimetric method

URT- inhalation + exhalation =100%

Heck et al. Radioactivity immediately after Equivalents of [14C] in various tissues {pmol/g)? or

(1983); 6hr exposure to [Y4CJCH,0 from meg/m?

Rats. Fischer: [Y4C]PFA, each averaging 3

Malé, ’ exposures and 4 rats at 6.2, 12.3, 6.15 12.3 18.5 29.5

n=3; 18--250 g 18.5, or 29.5 mg/m?

! Nasal 0.59+0.18 [1.15+0.29 [1.78+0.4 2.28+0.61

Mucosa
Trachea 0.26+0.13 [0.39+0.13 [0.36+0.09 [0.40+0.13
Plasma 0.05+0.01 {(0.08+0.01 [|0.10+0.04 [0.11+0.05

Values, representing mean 1t SD, were extracted from graphical data using GrablT software.
CH20, formaldehyde; PFA, paraformaldehyde; DPX, DNA-protein crosslinks.

As shown in Table A-5, Casanova et al. {1991) used DNA-protein crosslinks (DPX} levels as a
measure of regional dosimetry of formaldehyde in monkeys exposed to formaldehyde by inhalation
assuming that the rate of crosslink formation depends on the concentration of formaldehyde
delivered at the portal of entry tissues. They subjected rhesus monkeys to a single 6-hr exposure of
formaldehyde over a range {0.9~7.4 mg/ms3) and concluded based on the observed pattern of DPX
formation that formaldehyde uptake primarily occurs in nasal passages involving middle
turbinates, to a smaller extent in the nasopharynx and trachea, but not in maxillary sinuses or lungs
{Casanova et al,, 1991). Monticello et al. (1989) predicted the uptake of formaldehyde based on

other indirect measures such as cell proliferation in monkeys repeatedly exposed to 7.4 mg/m?3

formaldehyde, 6 hrs/day, 5 days/wk for 1 or 6 wks. They concluded that formaldehyde uptake
primarily occurs in nasal passages and middle turbinates, to a smaller extent in the nasopharynx
and trachea, with evidence of increased proliferation in proximal regions of the bronchi, but no
indication of effects in the maxillary sinuses. In dogs exposed to formalin vapors, almost 100% of
inhaled formaldehyde is retained in the URT, indicating that little, if any, inhaled formaldehyde
would reach the LRT, and this is independent of respiration rate, tidal volume, and inhaled
formaldehyde concentration (Egle, 1972).

Similarly, radiolabeling studies, exemplified by Heck et al. (1983) in rats show that the
majority of the labeled formaldehyde is retained within the nasal passages and, to a far lesser
extent, within the other parts of the URT and proximal LRT, with no evidence of significant

distribution into plasma. However, because formaldehyde is incorporated into the one-carbon (1C)
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pool (see discussion later in this section}, possibly facilitating its distribution in a toxicologically-
inactive form, neither the distribution of radiclabel nor the estimated retention are interpreted to
provide a clear picture of the spatial distribution of inhaled formaldehyde within the respiratory

tract tissues. Notably, long-term exposure of rats to formaldehyde for 30 months induced lesions in

uptake of formaldehyde in the nasal passages of F344 rats, rhesus monkeys and humans to be
respectively, 90%, 67% and 76% using the computational fluid dynamics (CFD) modeling. Similar
to these predictions for rats, Morgan et al. {1986c) demonstrated that rat nasal passages scrubbed
nearly all of the inhaled formaldehyde (on average ~97%). In rats, the evidence suggests that
higher concentrations of formaldehyde are taken up in the respiratory mucosa as compared to the

olfactory mucosa (Casanova-Schmitz et al., 1984b; Swenberg et al., 1983a).

Extrapolation using fluid dynamic modeling

There are no studies available in the literature that directly addressed uptake of
formaldehyde into the respiratory tract of humans. However, a few modeling studies based on
findings in rodents report estimated uptake of inhaled formaldehyde in humans (Kimbell et al.
2001b; Kimbell and Subramaniam, 2001; Overton et al.,, 2001). Kimbell et al. {(2001b}, usinga

three-dimensional, CFD model of the nose, predicted human nasal uptake of approximately 76% of

the inhaled formaldehyde at unidirectional steady-state nasal inspiratory flow corresponding to
sleeping activity, decreasing to 58% under heavy exercise activity. Overton etal. {2001} modeled
overall uptake in the entire respiratory tract and predicted that 95% of inhaled formaldehyde is
retained in the respiratory tract in general in any activity state. A detailed description of modeling
efforts in humans and monkeys (and rats} is provided in Appendix B.2.2. Overall, dosimetric
modeling studies in humans have shown close agreement with observations of exposed rodents:
namely, that 90-95% of inhaled formaldehyde is retained in the URT (Kimbell et al., 2001b;
Overton et al., 2001; Subramaniam et al., 1998).

Relationship of formaldehyde uptake to endogenous levels and prior exposure

Heck et al (1982) developed a gas chromatography-mass spectrometry (GC-MS) method to
measure total or analyzable formaldehyde, which includes both free as well as reversibly bound
formaldehyde [hydrated formaldehyde bound to glutathione (GSH) and tetrahydrofolate (THF}].
However, this method does not measure irreversibly bound formaldehyde. Based on this method,
endogenous formaldehyde levels were 1.5~4.3 folds higher at the POE (i.e,, nasal mucosa; ~12.6
ug/gor 0.42 mM) than in other tissues (i.e., testes<liver<brain)} (Heck et al.. 1982). It remains to be

determined how this may affect the local toxicokinetics of inhaled formaldehyde.

Heck et al. {(1983) also examined the effect of prior exposure to formaldehyde on tissue
levels of formaldehyde in rats. As shown in Table A-6, no statistically significant changes in total
formaldehyde levels in the nasal mucosa were observed following 10-day exposure of F344 rats to

7.4 mg/m3 formaldehyde (Heck et al., 1982}, suggesting that formaldehyde exposure does not
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distinguishably augment total levels of formaldehyde in POE tissues. However, rats and mice

appear to differ in the uptake of formaldehyde following repeated inhalation exposure to

formaldehyde. Prior, short-term exposure to high levels of formaldehyde in rats did not alter

uptake of formaldehyde into the respiratory mucosa during a subsequent exposure. This was based

on comparisons between a single exposure to 18.5 mg/m?3 in naive rats compared to repeated

exposures in rats exposed to the same dose of formaldehyde for the previous 9 days (Heck et al.

1983). In a different study, Chang et al. (1983) also observed similar uptake in preexposed as well

as naive rats; however, mice responded differently, with naive mice exhibiting more radioactivity

uptake than preexposed mice (see Table A-6}. The authors concluded that since mice tend to lower

their minute volume with repeated exposures to formaldehyde, they tend to have less absorption,

hence less radioactivity compared to naive mice. So comparing the results in rats, which do not

alter their minute volume as mice do, it was suggested that repeated exposure does not affect the

uptake of formaldehyde in nasal cavity of rats (Chang et al., 1983).

Table A-6. Comparison of formaldehyde uptake at the portal of entry with
single or repeated inhalation exposure

Reference and
design

Exposure and analysis

Observations

Heck et al. {1982)

Rats, Fischer
Male, n=8
200-250 g

7.4 mg/m3 [13C] CH,0 {from PFA) for 6 hrs/d;
10-d exposure; chamber inhalation; CH;0 measured
as PFPH derivative by GC/MS

Nasal mucosa levels
total® CH,O (ng/g”)

Unexposed Exposed
12.6+2.7 11.7+3.6

Heck et al. {1983)

Rats, Fischer

Two groups: (a) preexposure; {b) naive; On Days 1-9:
group a) received 18.5 mg/m?3 CH,0 (from PFA);

Equivalents of 1*C
in respiratory mucosa (g /g

Male, n=3; whole body exposure, 6 hrs/d; group b}: no naive rats 67.5+9.2
180-250 g preexposure. On Day 10: groups a and b received

[14C] CH,0 {from PFA) for 6 hrs, nose-only exposure. preexposed 64.4+7.6

Tissue homogenates counted with LSC for 14C0O; (No significant difference)

trapped in ethanoclamine in 2-methoxy-ethanol

counted for radioactivity.
Chang et al. i) preexposure:

7.4 or 18.4 mg/m? unlabeled CH,O from PFA, 6 . o .

1983 hrs/d, 4-days whole-body exposure; on 5th day Radioactivity in nasalﬂcawtv.

Rats, Fischer; 14CH,0 from PFA, 6 hrs preexposed rats = naive rats
Male, N=3; ii) nalve animals: o )
180-200 g 14CH,0. 6 hrs from PFA Radioactivity in nasal cavity:
Mice, B6C3F1 ! naive mice > pretreated mice
Male, N=3;26 g

2Total formaldehyde includes free plus reversibly bound formaldehyde.
bData from Heck et al. (1982) given in umols/g is converted to ug/g by the equation: umols x 30 = ug/g (30 is the
molecular weight of formaldehyde).
‘Data from Heck et al. (1983) given in nmols/g is converted to converted to ug/g by the equation: (nmol/g /1,000)
x 30 = pg/g) (30 is the molecular weight of formaldehyde).
CH20, formaldehyde; PFA, paraformaldehyde; PFPH, pentafluorophenylhydrazine; GC/MS, gas
chromatography/mass spectrometry; LSC, liquid scintillation counting; CO,, carbon dioxide.

This document is a draft for review purposes only and does not constitute Agency policy.

A-21

DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00037



W 0~ O U W N

T T = Y ™= Yy Y
O ~N OV R WN RO

19

20
21
22
23
24
25
26
27
28
29

30

31
32
33
34
35
36

Supplemental Information for Formaldehyde—Inhalation

Summary of spatial distribution of POE uptake

To summarize, a majority of inhaled formaldehyde is rapidly absorbed and retained in the

URT based on CFD modeling studies in humans (Kimbell et al., 2001b; Kimbell and Subramaniam,

2001; Overton et al., 2001; Subramaniam et al., 1998), indirect or direct measurements in monkeys

rats (Kimbell et al,, 2001b; Chang etal., 1983; Heck et al., 1983; Kerns et al., 1983), despite the

anatomical and physiological differences between species, such as obligate nose breathing in

rodents (rats and mice} and oronasal breathing in primates (monkeys and humans) (Harkema et al

2006; Schreider, 1986). As demonstrated in monkeys and rats, and as modeled in humans, a

concentration gradient of inhaled formaldehyde follows an anterior to posterior distribution, with
high concentrations of formaldehyde distributed to squamous, transitional and respiratory
epithelia, and less uptake by olfactory epithelium, and very little or no formaldehyde reaching more
distal sites such as the larynx or lung. Further, at inhaled concentrations as high as 7.4 mg/m3,
exogenous exposure does not appreciably change the levels of formaldehyde over the endogenous

levels in the nasal mucosa (Heck et al., 1982). Also, repeated exposures to formaldehyde do not

alter the tissue formaldehyde levels in rats, but naive mice do show higher tissue uptake than
preexposed mice, which is attributed to species differences in minute volume and response to

irritant gases (Chang et al,, 1983).

A.2.3. Tissue Penetration of Formaldehyde Within the Upper Respiratory Tract
Within the URT, penetration of formaldehyde follows initial interaction with the

mucociliary apparatus followed by diffusion into the epithelial cell layer where it can be
metabolized. Important details to consider in evaluating formaldehyde nasal dosimetry and
toxicity are the differences in the types of epithelium lining the nasal surfaces. As described earlier,
there are striking differences in the amount of olfactory epithelium and respiratory epithelium
present between the noses of rats, which have a highly complex sense of smell, compared to
humans, who use the nose primarily used for breathing. In all species, air (and formaldehyde} must
first pass over squamous, transitional, and respiratory epithelium before coming in contact with
olfactory epithelium. This section will focus on the interaction and fate of inhaled formaldehyde in
the URT.

Formaldehyde interaction with the mucociliary layer
The mucociliary apparatus of the URT is the first line of defense against airborne agents in
that it may entrap, neutralize, and remove particulates and airborne chemicals from inspired air

(Morgan et al,, 1983). The mucociliary apparatus is comprised of three layers: a thick mucus layer

(epiphase] at the top, a watery fluid layer (hypophase} in the middle, and a ciliated epithelial layer
at the bottom (Schlosser, 1999). Inhaled formaldehyde must pass through the mucus layer

covering the URT before it can react with the cellular components in this region.

This document is a draft for review purposes only and does not constitute Agency policy.

A-22 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00038



W 0~ O U s W N

W W W W WwWWwWwWwWwwwNR NNNRNDNIR NDINDRDNNRN R 2 R 2 1 |
00 ~N O U1 B W KN = O WO N U B WNE O WO N U R WN = O

Supplemental Information for Formaldehyde—Inhalation

The respiratory mucus is composed of 97% water, 2-3% glycoproteins, 0.3-0.5% fats, and
about 0.1-0.5% soluble proteins (Bogdanffy et al., 1987}. Formaldehyde gas (unhydrated} is highly

soluble in water, in which it hydrolyzes to a reversible hydrated form called methanediol or

methylene glycol with a half-life of 70 milliseconds and with an equilibrium constant
[CH20]/[CH2(OH),] of 4.5 x 10-4 at 22°C (Sutton and Pownes, 1972). In aqueous solution, most of
the formaldehyde (99.9%) exists as methanediol in an equilibrium with free (0.1%) formaldehyde

(Fox etal.,, 1985). Thus, formaldehyde is first hydrated in nasal mucus to form methanediol, which

subsequently interacts with the nasal mucociliary apparatus (Priha et al., 1996; Bogdanffyv et al.,

1986). Physical-organic chemistry studies of the reaction of formaldehyde with amines {and
presumably other biological nucleophiles) have conclusively demonstrated that the unhydrated or
free form of formaldehyde, but not the hydrated form or methanediol is the reactive species

(Abrams and Kallen, 1976). Methanediol is either transported to the underlying tissue (presumably

by diffusion) or it is removed within nasal mucus by convective flow and subsequent ingestion.
Schlosser (1999) estimated that 22-42% of the absorbed formaldehyde in rodents is removed by
mucus flow.

Airborne pollutants and reactive gases have been shown to decrease mucus flow rates in

several animal models (as reviewed in as reviewed in Wolff, 1986). Degradation in the continuity

or function of this mucociliary apparatus can impair clearance of inhaled pollutants at the portal of
formaldehyde in Fischer rats causes mucostasis (cessation or severe slowing of mucus flow) in
several regions of the nasoturbinates. Repeated exposure (6 hours/day for 1-9 days) results in
ciliastasis (loss of ciliary activity} occurring with greater frequency and across more regions of the
nasoturbinates in subsequent days of exposure. Thus, continued exposure would be expected to
result in an increased uptake, as well as an altered deposition of inhaled formaldehyde within the
URT tissue. Further, Morgan et al. (1986c¢} also reported that rats exposed 6 hours daily for 3
weeks showed increase in mucostasis extending from anterior to posterior regions at the 18.45
mg/m?3 dose; however, at lower doses (0.6-7.4 mg/m3} the effect was either undetectable or less
severe. In addition, Morgan et al. (1986¢) showed an increase in mucus flow at lower
concentrations after 4 days exposure, but not after 6 days to 0.6 mg/m3 formaldehyde. Thus, there
are some uncertainties regarding the occurrence of mucostasis at lower concentrations of
formaldehyde exposure.

In addition, as methanediol and free formaldehyde are transported through the mucociliary
apparatus, the free formaldehyde is known to bind to soluble proteins such as albumin in the nasal

mucus (Bogdanffy et al., 1987). Similarly, the nasal lining fluid contains antioxidants, including the

thiol GSH with which formaldehyde is known to interact, likely eliciting a transient GSH depletion
during and following formaldehyde exposure. However, it is unclear to what extent inhaled
formaldehyde interacts with soluble and insoluble factors within the mucociliary layer and whether

reactive byproducts may be formed by these interactions. Importantly, endogenous formaldehyde
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produced during normal cellular metabolism is unlikely to be present at appreciable levels in the
mucus, and thus, would not be expected to participate in similar reactions. Interactions with
soluble proteins are expected to further reduce the amount of formaldehyde available to react with
cellular materials. As such, alterations in the levels of soluble proteins within the mucus could

substantially affect tissue uptake.

Formaldehyde diffusion into the epithelial cell layer

The less reactive methanediol is better able to penetrate tissues, while the free
formaldehyde reacts with the macromolecules. However, when the free formaldehyde (=0.1%) is
used up, a fraction of methanediol (from the 99.9%) will convert to free formaldehyde so that the
equilibrium of methanediol with free formaldehyde (i.e., 99.9:0.1 ratio} is maintained in the

aqueous media (Fox et al., 1985). However, several uncertainties exist regarding the transition of

inhaled formaldehyde from the mucociliary layer to the underlying epithelium. Although direct
experimental evidence is lacking, the biochemical properties of formaldehyde make it likely that
inhaled formaldehyde (in the hydrated or anhydrated form} undergoes passive transport, via
simple diffusion, across biological membranes. Thus, higher extracellular formaldehyde levels
would be expected to result in increased diffusion into the cell owing to the concentration gradient
formed. However, this concentration gradient may be affected by endogenous formaldehyde levels
because in humans, as in other animals, formaldehyde is an essential metabolic intermediate in all
cells (Thompson et al., 2009).

Enzymatic metabolism of formaldehyde within cells of the URT

Formaldehyde, either from exogenous sources (inhaled air) or endogenous sources
{enzymatic and nonenzymatic mechanisms as well as that released endogenously from metabolism
of xenobiotics), can be metabolized by several different enzyme pathways. Based on studies of

endogenous formaldehyde and in vitro enzyme inhibition experiments (Teng et al., 2001}, and as

summarized in Figure A-5, formaldehyde has been shown to be predominantly metabolized to
formate by GSH-dependent class Il alcohol dehydrogenase (ADH3; also described as formaldehyde
dehydrogenase or FDH) and by a minor pathway involving mitochondrial aldehyde dehydrogenase
2 (ALDHZ2} which is GSH-independent. Catalase may also be involved, to a minor extent, in

Koivusalo, 1974).
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Figure A-5. Metabolism of formaldehyde.

Abbreviations: CO2, carbon dioxide; DPX, DNA-protein crosslinks; GSH, glutathione; H.0, water; H20;, hydrogen
peroxide; HMGSH, hydroxymethylglutathione; NAD®, nicotinamide adenine dinucleotide {oxidized); NADH,
nicotinamide adenine dinucleotide (reduced); Na*HCOO", sodium formate. Enzymes: a, alcohol dehydrogenase-3
(ADH3); b, aldehyde dehydrogenase 2 (ALDH2); ¢, catalase; d, S-formyl-GSH hydrolase.

Adapted from NTP (2010).

Both ADH3 and ALDHZ enzymes have been found across different species and in a broad

range of tissues, including the nasal mucosa (Reviewed in Reviewed in Thompson etal, 2009). In

rodents, both ADH3 and ALDH2 exhibit region-specific differences in the nose, in that the specific
activity of ADH3 is twice higher in the olfactory mucosa than in respiratory mucosa, while the
specific activity of ALDHZ is 5-8 times higher in respiratory than in olfactory tissue (Bogdanffy et
al,, 1986; Casanova-Schmitz et al., 1984a). In rats, higher levels of ADH3 activity have been

reported in the cytoplasm of the respiratory and olfactory epithelial cells and in the nuclei of

olfactory sensory cells, as compared to other regions of the nasal mucosa (Keller et al., 1990).

These enzymes are enriched in the nasal tissues presumably to protect the underlying tissues

against respired toxicants. This highlights a significant barrier to the penetration of inhaled
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formaldehyde beyond the respiratory epithelium and a means by which these same cells can
rapidly metabolize formaldehyde produced endogenously within the cell (Ugtila and Koivusalo,
1974).

The ADH3-mediated pathway of formaldehyde oxidation involves a two-step enzymatic

reaction but is preceded by the rapid and reversible nonenzymatic binding of formaldehyde to GSH,
which results in the formation of S-hydroxymethylglutathione (HMGSH) or the glutathione
hemiacetal adduct. In the first of a two-step enzymatic reaction, ADH3 converts HMGSH to
S-formylglutathione (S-formyl-GSH} in the presence of the co-factor, nicotinamide adenine
dinucleotide (NAD+). In the second step, ancther enzyme S-formyl-GSH-hydrolase converts S-
formyl-GSH to formate with the concomitant release of free GSH. Under physiological conditions,
cellular NAD+ levels are two orders of magnitude higher than NADH (reduced form of NAD+} and
intracellular GSH levels are high enough (in millimolar concentrations} to favor rapid oxidation of
HMGSH to formate (Svensson et al., 1999; Meister and Anderson, 1983). Because of this rapid

metabolism, formaldehyde is likely to have a short half-life in biological systems. As previously
mentioned, and given the importance of this major detoxification pathway, individual variations in
GSH levels within the nasal mucosa are of particular importance in formaldehyde metabolism.
ADH3 shows comparable kinetics across rats and humans. As shown in Table A-7, the
affinity (Kn) of purified human liver ADH3 for HMGSH is 6.5 uM (Uotila and Koivusalo, 1974} and

the kinetics of ADH3 in human buccal tissue lysates are in close agreement with those reported for

purified human liver ADH3 (Uotila and Koivusalo, 1974). This is comparable to the rat respiratory

and olfactory mucosal Kr, values in the presence of GSH as well as the Ky, of ADH3 from rat liver
soluble fraction (2.6 uM) (Casanova-Schmitz et al., 1984a). In contrast, the affinity of ALDH2,
presumably represented in the absence of GSH is several-fold lower than ADH3 (Siew et al., 1976).

Thus, at lower concentrations of formaldehyde ADH3 is the dominant formaldehyde detoxification
pathway. The K, of ADH3 is in close agreement across species and tissue types, including the nasal
mucosa, all of which exhibit similar responses to GSH depletion (i.e., in the absence of GSH, ALDH
family members oxidize formaldehyde, which is associated with mitochondrial ALDH2). Both
ADH3- and ALDH2-mediated pathways oxidize formaldehyde to formic acid {formate). ADH3 is
also known to catalyze the NADP-dependent reduction of the endogenous nitrosylating agent S-
nitrosoglutathione (GSNO) and is also referred to as S-nitrosoglutathione reductase {(GSNOR}
(Jensen et al., 1998).

Table A-7. ADH3 Kkinetics in human and rat tissue samples and cultured cells

Vmax (nmol/mg
Source Km {uM) | protein x min) References
Uotila and Koivusalo

6.5 2771012
Purified human liver ADH3 {1974}

Rat respiratory mucosal homogenate {+GSH) 26+26 0.90+0.24
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Vmax (nmol/mg

Source Km {(uM) | protein x min) References
Rat respiratory mucosal homogenate (- GSH) 481+ 88 4.07 +0.35
Rat olfactory mucosal homogenate (+GSH) 26%05 1.77 +0.42
Rat olfactory mucosal homogenate (- GSH) 647 +43 4.39+0.14 Casangva-Schmitz et
Rat liver (+ GSH)? 4.5+1.9° 2.0+03 al. (19843)
Human buccal tissue (+ GSH) 11+2 29+06 Hedbere et al. {2000}
Human buccal tissue (~ GSH) 360+ 90 1.2+07

aSoluble fraction of rat liver homogenate.

Formate can undergo three possible outcomes: (1} enter the one-carbon pool for use in the
synthesis of DNA and proteins (aka “metabolic incorporation”}, (2) become further oxidized to CO-

and eliminated in exhaled air, or (3) be excreted in urine (Figure A-5).

One-carbon metabolism

As summarized in Figure A-6, the tetrahydrofolate (THF)}-mediated eukaryotic one-carbon
{1C) metabolism involves an inter-connected network which is highly compartmentalized between
the cytosol, mitochondria, and nucleus (Reviewed in Reviewed in Tibbetts and Appling, 2010). A
majority of the 1C metabolism takes place in the mitochondria followed by the cytosol and nucleus.
In the cytoplasmic 1C metabolism, de novo synthesis of purines and thymidylate, and remethylation
of homocysteine to methionine takes place. The 1C metabolism in the mitochondrial compartment
involves formylation of methionyl-tRNA, oxidation of one-carbon donors, such as serine, glycine,
sarcosine, and dimethylglycine (DMG). In addition, mitochondria contribute 1C units for
cytoplasmic 1C metabolism in the form of formate. The mitochondrial and cytoplasmic pathways
are connected by serine, glycine and formate which are the 1C donors. The nuclear compartment of
1C metabolism predominantly provides de novo synthesis of dTMP from dUMP.

Some of the steps in the cytosolic and mitochondrial 1C metabolism are common. Formate,
formed from the metabolism of formaldehyde, enters the 1C pool and is either oxidized to CO; and
eliminated in exhaled breath or is used in protein and DNA synthesis. As shown in Figure A-6,
formate is combined with THF whereby its 1C group is transferred to THF forming 10-formyl-THF
{(10-CHO-THF}, mediated by the enzyme 10-HCO-THF-synthetase. The 10-CHO-THF is then
oxidized by CHO-THF dehydrogenase to CO; and H,0 and eliminated in the exhaled breath, with the
release of THF which can be reused for binding with formic acid. Alternatively, 10-CHO-THF can
also be converted through two-steps of reversible reactions to 5,10-methenyl-THF (CH*-THF) to
5,10-methylene-THF (CH,-THF). Serine, derived from glycolytic intermediates, is the main source
of 1C units. Serine combined with THF is converted reversibly by the enzyme serine
hydroxymethyl transferase (SHMT) to glycine and CH»-THF. Further, the enzyme methylene
tetrahydrofolate reductase (MTHFR) converts CH»-THF to 5-methyl-THF (CH3-THF). The 1C
metabolism products -CH,-THF and CH3-THF utilize their one-carbon units, respectively, in DNA

(dTMP) and protein {methionine) biosynthetic pathways (metabolic incorporation}.
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Figure A-6. Compartmentalization of mammalian one-carbon metabolism.
The end products, donors, and activated units carried by tetrahydrofolate {THF) of
the 1C metabolism are shown in red, blue, and green, respectively. Note that
reactions 1-4 are common in both the cytoplasmic and mitochondrial (m}
compartments, while reactions 4 and 10 are present in the nucleus (n}. Enzymes
catalyzing the reactions: 1: 10-formyl-THF synthetase; 2: 5,10-methenyl-THF (CH+-
THF) cyclohydrolase; 3: 5,10-methylene-THF (CH»-THF} dehydrogenase; 4, 4n, and
4m: serine hydroxymethyltransferase (SHMT}); 5: glycine cleavage system; 6: 5,10-

methylene-THF reductase; 7: methionine synthase; 8: dimethylglycine

dehydrogenase (DMGDHY); 9: sarcosine dehydrogenase (SDH}; 10 and 10n:
thymidylate synthase; 11: 10-formyl-THF dehydrogenase (only the mitochondrial
activity of this enzyme is shown, but it has been reported in both compartments in
mammals}; 12: methionyl-tRNA formyltransferase; 13: dihydrofolate (DHF)
reductase; 14: betaine-homocysteine methyltransferase. Abbreviations: AdoHcy, S-
adenosylhomocysteine; AdoMet, S-adenosylmethionine; Hcy, homocysteine.

Source: Tibbetts and Appling (2010).

The rate of formate metabolism depends on the availability of dietary folic acid, which is the

main source of THF. Itis also important to note that levels of folate intermediates and folate-

dependent enzymes show some differences in rats and primates (see Table A-8).

Table A-8. Levels of folate intermediates, activity of folate-dependent
enzymes, and the rate of oxidation of formate in the liver of various species

Folate intermediate/folate-dependent enzyme Rat Monkey | Human
10-formyl-THF {(nmoles/g of liver) 4.6+1.3 105+ 0.8 3.3+05
Tetrahydrofolate {nmoles/g of liver) 11.4+0.8 7.4+0.8 6.5+0.3
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Folate intermediate/folate-dependent enzyme Rat Monkey | Human
5-CHs-THF (nmoles/g of liver) 9.3+0.6 7.6+1.1 6.0+0.7
10-formyl-THF synthetase {nmoles of product/min/mg protein) 65.9+0.0 142 + 16 75.0+8.7
10-formyl-THF dehydrogenase (nmoles of product/min/mg protein) 88.3+1.7 33.0+40 23.0+22
5,10-CH,-THF reductase {nmoles of product/min/mg protein) 1.21+0.07 | 0.22+0.02 | 0.42+0.07
Serine hydroxymethyl transferase {(nmoles of product/min/mg protein) | 10.8 +0.6 17.1+9.7 185+ 0.7
Dihydrofolate reductase {(nmoles of product/min/mg protein) 19.8+1.3 4.1+0.7 0.74 +0.17
Methionine synthase {nmoles of product/min/mg protein) 0.09 +0.007 {0.09 +0.012 | 0.10 + 0.008
Rate of formate oxidation {mg/kg/hr) 78 40 0

Source: Skrzydlewska (2003)

As shown in Table A-8, the normal hepatic THF levels of monkeys and humans are 1.5 and
1.75-fold lower than the levels in rats. Also, the levels of 10-formyl-THF-dehydrogenase levels are
2.67- and 3.83-fold lower in monkeys and humans, respectively, compared to the levels in rat liver,
which might cause an accumulation of formate in primates since there is decreased oxidation of

formate to CO2. Thus, primates oxidize formate less efficiently than rats (Skrzydlewska, 2003).

Interaction of formaldehyde with cellular macromolecules in the URT
As mentioned earlier, it has been shown that “free” formaldehyde (i.e., the 0.1% of total
formaldehyde that does not exist in the form of methanediol) reacts with macromolecules (Abrams

and Kallen, 1976). However, it is unclear whether methanediol in certain hydrophobic matrices

(e.g., crossing biological membranes, etc.} could be converted to a more reactive form and available
to interact with cellular materials. Inhaled formaldehyde interacts at the portal of entry with the
nasal passages, and these interactions can be either noncovalent (reversible} or covalent

(irreversible).

Noncovalent interactions:

Formaldehyde is reversibly bound to GSH and THF in the cells forming the glutathione
hemithioacetal adduct or hydroxymethylglutathione (HMGSH) adduct and 5, 10-CH,-THF adducts.
Levels of the cellular antioxidant glutathione are abundant in the cell x5 mM with which
formaldehyde readily forms the hemiacetal adduct. The dissociation constant for the hemiacetal
and CH»-THF adducts are approximately 1.5 mM (Uotila and Koivusalg, 1974) and =30 uM,

respectively (Kallen and Jencks, 1966a, b). Based on in vitro experiments formaldehyde has been

shown to reversibly bind to human and rat nasal mucus, in particular the fraction containing
albumin (Bogdanftv et al., 1987).

Covalent binding

Formaldehyde covalently binds to protein, DNA, DNA and proteins forming protein adducts,
DNA adducts, DNA-protein crosslinks (DPX]}, and DNA-DNA crosslinks (DDX]}. A complication that
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has been explored in some of these studies is that inhaled formaldehyde can also be metabolized

and incorporated into DNA and proteins via the 1C pool.

Protein adducts

Formaldehyde has been shown to bind to histones and chromatin forming Né-formyllysine

{Edrissi et al,, 2013a) and a major source of this adduct has been shown to result from endogenous

formaldehyde. Further, in rats exposed to various inhalation concentrations of 13C-labeled
formaldehyde (0.9-11.2 mg/m?}, a concentration-dependent increase in 13C-labeled Ne¢-
formyllysine, which was distinguished from endogenous Ne-formyllysine, was detectable in the
total proteins as well as in protein fractions from different cellular compartments (cytoplasmic,

membrane, and nuclear) of the respiratory epithelium (Edrissi et al., 2013a).

DNA-protein Crosslinks
Formaldehyde-induced DNA-protein crosslinking occurs predominantly between the
epsilon-amino groups of lysine, especially the N-terminus of histones, and exocyclic amino groups

of DNA (Luetal, 2008}. Several analytical methods including radiolabeled formaldehyde have

been used to evaluate DPX formation in experimental animals. Earlier experiments have shown
that inhalation of F344 rats to 2.46-36.93 mg/m?3 of 14C-formaldehyde (6 hours/day, 2 days} caused

a significant increase in the radioactivity of interfacial (IF} DNAY, representing DPX, observed in

Schmitz and Heck, 1983). Formaldehyde-induced DPX levels have been shown to have

concentration-dependence in both monkeys (0.86 to 7.37 mg/m?) (Casanova et al.,, 1991) and rats
(0.37-12.1 mg/m3)} (Casancva et al., 1994; Casanova et al., 1989). In both rodents and monkeys

there was a nonlinear concentration-response for DPX formation, which has been attributed to

saturation of detoxification enzymes at high concentrations {Casanova et al., 1991; Casanova et al.,

1989). In monkeys, the DPX distribution pattern in the nasal passages following formaldehyde
inhalation was in the order of middle turbinates > anterior lateral wall/septum > maxillary sinuses

and lungs (Casanova et al., 1991), which corresponded to the location and proliferative response.

In rats the DPX distribution pattern was in the order of lateral meatus > medial and posterior

meatus (Casanova etal.,, 1994), which corresponded to the high and low tumeor incidence sites in

the respiratory tract (Monticello et al., 1989). This is possibly due to the differences in the anatomy

of nasal passages and breathing patterns of these two species.
Recently, Lai et al. (2016) developed a method that distinguishes deoxyguanosine-methyl-
cysteine (dG-Me-Cys}, a DPX formed from exogenous formaldehyde from that formed from

endogenous formaldehyde (see Table A-9}). In monkeys exposed to 7.4 mg/m?3 of 13C-labeled

1 During a typical DNA extraction of tissue homogenates, the DNA separated into aqueous phase is termed agueous
(AQ) DNA, while the DNA trapped in the protein precipitate from the interphase (between aqueous and organic
phases) was washed, treated with protein kinase and reextracted to get the interfacial DNA (IF DNA).
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formaldehyde for 2 days, both exogenous and endogenous DPXs were detectable, with the levels of

exogenous DPXs being 2.8-fold less than the endogenous DPX adducts. In contrast, only

endogenous DPXs were detectable in air-exposed monkeys. In rats, a higher dose of 18.5 mg/m3

formaldehyde exposed for 1, 2, or 4 days was tested. DPXlevels in nasal tissues were detected and

were comparable for endogenous and exogenous formaldehyde among rats exposed 1 or 2 days,

but at 4 days, DPX levels from exogenous formaldehyde had increased 5-fold above those from

endogenous formaldehyde. Similarly, DPX levels from exogenous formaldehyde increased between

7 days and 28 days in rats exposed to 2.5 mg/m?.
Using in vitro studies, Yu et al. {2015b) have shown that DPX such as, dG-CH»-cysteine or
dG-CH»-GSH can undergo hydrolytic degradation to give rise to hm-dG monoadducts under

physiological pH and temperature conditions. These results provide a mechanism which explains

why formaldehyde-induced DPX are removed within 12.5-24 hrs in cultured human epithelial cell

lines (Quievryn and Zhitkovich, 2000) and lymphoblasts (Craft et al., 1987). However, the in vivo

studies by Lai (2016) did not replicate this phenomenon. These more precise studies have shown

that in rats exposed to 2.5 mg/m?3 labeled formaldehyde for 28 days, at 1-week postexposure, 87%

of the exogenous DPX were retained in the nasal tissues, suggesting a slow repair of these bulky

adducts. The potential implications of this for dose-response modeling are discussed in Appendix

B.2.2.
Table A-9. Summary of endogenous and exogenous DNA-protein crosslinks in
nasal tissues of rats following inhalation exposure of 13CD;-labeled
formaldehyde
Reference Exposure | CH20
and design Exposure and analysis duration conc. | Observations
Lai et al. 0 {air control) or 7.4 mg/m? [*CD,]-CH,0 Endogenous Exogenous
2016)- frct:mI PI;A;y inhalation; 6 hrls:d; for 2 d; (mg/m?) adducts adducts
me)f whole-body exposure; nasal tissue dG-Me-Cvs/108 dG
Monkeys, collected; DNA extracted with DNAzol ys/
cynomolgus; reagent, dG-Me-Cys purified on HPLC 2d 0 3.59+1.01 ND
N=4-6. and analyzed by nano-LC/ESI/MS-MS. 2d 7.4 3.76 +1.50 1.36£0.20
Lai et al. 0 (air control) or 18.5 mg/m?3 [13CD,]- Exposure {mg/m?3) Endogenous Exogenous
2016)- CH,0 from PFA by inhalation; 6 hrs/d; for Duration adducts adducts
Rats, 1,2, or 4 d; whole-body exposure; nasal dG-Me-Cys/108 dG
F344; N=4-6. tissue collected; DNA extracted with
DNAzol reagent, dG-Me-Cys purified on 4d 0 6.50+0.30 ND
HPLC and analyzed by nano-LC/ESI/MS- 1d 18.5 4.42+1.10 5.52+0.80
MS. 2d 18.5 4.28+2.34 4.69+1.76
4d 18.5 3.67+0.80 18.18 +
7.23
Lai et al. Rats, inhalation exposure to 2.5 mg/m3 Exposure {mg/m3) Endogenous Exogenous
2016} CH20 for 7 or 28 d and allowed to Duration adducts adducts
j Rats, recover for 1 or 7 d PE. Nasal tissue 4G-Me-Cvs/10° dG
F344; N=4-6. collected and DNA extracted at the given -Me-Cys/
time points and analyzed for dG-Me-Cys 7d 2.5 4.78 +0.64 0.96 +0.17
adducts as above. 28d 2.5 4.51 +1.48 2.46 + 0.44
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Reference Exposure | CH20

and design Exposure and analysis duration conc. | Observations
28d+1dPE 2.5 3.78+0.69 2.12+1.00
28d+7dPE 2.5 3.51+0.16 2.14+1.02

Abbreviations: PFA, paraformaldehyde; LC, liquid chromatography; MS, mass spectrometry; HPLC, high
performance liquid chromatography; CH20, formaldehyde; DPX, DNA-protein crosslinks; dG-Me-Cys,
deoxyguanosine-methyl-cysteine; PBMC, peripheral blood mononuclear cell; ESI, electron spray ionization; PE,
post-exposure.

Distinguishing covalent binding of formaldehyde from metabolic incorporation

Few studies from the same research group addressed the issues of differentiating covalently
bound (i.e., DPX formation} versus metabolically incorporated formaldehyde in rats exposed to
formaldehyde by inhalation (Casanova and Heck, 1987; Casanova-Schmitz et al., 1984b; Casanova-
Schmitz and Heck, 1983).

Casanova-Schmitz et al. (1984b) used dual isotope labeling as a way to partially distinguish

between covalent binding (DPX formation} and metabolic incorporation of formaldehyde. In this
approach, male F344 rats were exposed to a mixture of 3H- and 4C-labeled formaldehyde for 6
hours at exposure concentrations ranging from 0.37-18.42 mg/ms3, a day after exposure to
nonradioactive formaldehyde with the same dose range. The IF DNA was extracted from
respiratory and olfactory mucosa, and the 3H/14C ratios of different phases of DNA extraction (i.e.,
AQ DNA and IF DNA) were measured. Itis important to note that formaldehyde loses the hydrogen
atom during oxidation reactions (i.e., metabolic incorporation}, but not during covalent binding to
DNA. Therefore, the 3H/14C ratio in a sample that contains adducts and crosslinks should be higher

than in a sample that primarily contains DNA with metabolically incorporated formaldehyde.
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Figure A-7. Metabolic incorporation and covalent binding of formaldehyde in
rat respiratory tract. 3H/14C ratios in macromolecular extracts from rat
respiratory mucosa (A} and olfactory mucosa (B} following 6-hour exposure to 14C-
and 3H-labeled formaldehyde (0.3, 2, 6, 10, and 15 ppm, corresponding to 0.37, 2.46,
7.38, 12.3, 18.42 mg/m?3, respectively).

Source: Adapted from Casanova-Schmitz et al. {1984)
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nasal respiratory mucosa has a significantly higher 3H/14C ratio (Y-axis) than the aqueous phase
{AQ) DNA, with a nonlinear dose response of [F DNA at exposure concentrations equal to or greater
than 2.46 mg/m3. These data suggest that [F DNA has significantly more 3H, a phenomenon likely
explained by additional 3H-formaldehyde molecules present as DPXs prior to DNA extraction.

These crosslinks were due to exogenous formaldehyde that could be attributed to DPX. The 3H/14C
ratio was linearly increased for the organic fraction, suggesting covalent binding of formaldehyde to
respiratory mucosa proteins. In contrast, olfactory mucosa did not show increased 3H/14C ratio in
the IF DNA or AQ DNA or proteins phase as a function of formaldehyde concentration (panel B,
Figure A-7). In total, these data suggest that the radiolabeling observed following formaldehyde
exposure in rats results from both covalent binding and metabolic incorporation in the nasal

mucosa, but not the olfactory mucosa (Casanovaschmitz et al., 1984). The respiratory mucosa from

unexposed rats appears to contain 15% of DNA as IF DNA {Casanova-Schmitz and Heck, 1983),
possibly as endogenous DPX.

DNA monoadducts
Another form of formaldehyde-induced covalent DNA modifications is hydoxymethyl-DNA

(hm-DNA} adducts or DNA monoadducts. Five studies conducted in one laboratory used 13CD»-
formaldehyde in experimental rats and monkeys coupled with an LC/MS approach to distinguish
hm-DNA adducts formed by endogenous and exogenous formaldehyde (Yu etal, 2015b; Lu et al.,
2011; Moeller et al., 2011; Lu et al,, 2010a}, as summarized in Table A-10. In this method, hm-DNA
adducts formed by exogenous 13CD,-formaldehyde are distinguished from unlabelled endogenous
hm-DNA adducts based on the differences in their typical m/z ratio (Lu et al., 2012b}. As shown in

Table A-10, both exogenous and endogenous N2-hydroxymethyl-deoxyguanosine (N2-hm-dG)
adducts were detected in nasal tissues of cynomologous monkeys exposed to 2.34 or 7.5 mg/m3
13CD,-formaldehyde for 2 days, and across several rat studies testing exposures ranging from 0.9-
18.7 mg/m? formaldehyde for several hours up to 28 days (Yu et al., 2015a; Yu et al., 2015b; Lu et
al., 2011; Lu et al,, 2010a). Notably, however, these studies demonstrate that the levels of

endogenous N2-hm-dG adducts were several folds higher than corresponding exogenous adducts in
nasal tissue.

While these studies provide the first insights into the relationship between endogenous and
exogenous DNA monoadducts, further study may help to clarify some remaining uncertainties. For
example, the potential involvement of different types of DNA monoadducts, as well as their specific
toxicodynamic roles (e.g., for cancer development), remain poorly understood. Of the studies which
used inhalation exposure to 13C-labeled formaldehyde, only Lu et al. (2010a} quantified other
adduct types; interestingly, while the authors detected 13CD»-labeled N2-hm-dG adducts and dG-
CH»-dG crosslinks, they did not detect Né-hydroxymethyl-deoxyadenosine (Né-hm-dA} adducts in

the nasal epithelium of rats exposed for 1 or 5 days (12.3 mg/m?3} to exogenous formaldehyde.
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However, the same group reported the formation of both N2-hm-dG (most of the tissues} and Né-
hm-dA monoadducts (only in bone marrow) in rats that were dosed by gavage with 13C-labeled

methanol, which is a precursor of formaldehyde (Lu et al., 2012b). Similarly, a different research

group reported that rats dosed subcutaneously with nitrosamines (Wang et al., 2007b), which are

precursors to formaldehyde, and smokers (Wang et al., 2009a) both exhibit Né-hm-dA monoadducts

in peripheral tissues. Thus, additional sensitive evaluations of dA monoadducts, particularly
following longer term formaldehyde exposure and preferably in humans, may be informative. Also
of interest, it is important to keep in mind that the experiments conducted to date involve
comparisons of endogenous adduct levels, which would represent steady-state formaldehyde levels
after having built up over time from the continuous presence of endogenous formaldehyde, to
exogenous adduct levels resulting from short-term and/ or episodic (e.g., 6 hr/day) exposures. As
an illustration, with exogenous exposure for 6-hr/day, multiple weeks or longer could be needed to
reach steady-state levels, and, even so, those levels could be roughly expected to be four-fold lower
than if a continuous (24 hrs/d) exogenous exposure occurred at the same concentration. The
recent study by Yu et al. (2015b) begins to address this, noting that “quasi-steady-state” levels
appear to be nearing after 6hr-day exposure to 2.46 mg/m?3 formaldehyde for 28 days; however,
exogenous adducts were still substantially increased with 28 days, as compared to 21 days of
exposure, and exogenous adducts reached ~37% of endogenous adducts {1.05 versus 2.82
adducts/107 dG, in contrast to the *14% observed after 7 days of exposure] under this scenario.
Considering these data at 2.46 mg/m?3, the comparability of endogenous versus exogenous adducts
relevant to lifetime exposure scenarios would be informed by additional studies incorporating a
range of experiments and formaldehyde concentrations that span short, episodic exposures to more

constant, long-term exposures.

Table A-10. Summary of endogenous and exogenous DNA moncadducts in
nasal tissue of monkeys and rats following inhalation exposure of 13CD,-

labeled formaldehyde
CH,0 Observations
exposure
Reference Portal of conc. Endogenous | Exogenous
and design Exposure and analysis® entry tissues {mg/m?3) adducts adducts
3 13, -

Moeller et al 2.34 or 7.5 mg/m3 [13CD,] NZ-hm-dG/107dG
(2011); CH,0; 6 hrs/d; for 2 d {(whole-
Monkeys body exposure); sacrificed ) NasaI. 2.34 2.50+0.40 0.26+0.04
cynomolgus; immediately after exposure; | Maxilloturbinates 7.5 2.05+0.54 0.41+0.05
n=3 ' tissues collected.
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CH:0 Observations
exposure
Reference Portal of cong. Endogenous | Exogenous
and design Exposure and analysis® entry tissues {mg/m3) adducts adducts
Yu et al. 0 {air control), 2.4 0r 7.5 Nasal 2.4 2.50+0.44 0.26 +0.04
(2015by); mg/m? [*CD,]-CH20 maxilloturbinates 75 2.05+0.54 0.41+0.05
Monkeys, generated from [BCD,]PFA; Nasal dorsal 0 381+1.19 ND
cynomolgus; nose-only expgsure; 6 hrs/d mucosa % 33138 0 A0E007
n=4 for 2 consecutive days; : e s
Sacrificed immediately after Nasal 0 3.48+0.53 ND
exposure; maxilloturbinates nasopharynx 7.5 3.62+1.34 0.33+0.10
{Animal #1} and all other 0 3.75+0.32 ND
nasal tissues {Animal #2) were Nasal septum 75 356+ 0.69 0.39+015
collected. Nasal anterior 0 4.21+0.53 ND
maxillary 7.5 3.80+0.91 0.34+0.12
Nasal posterior 0 3.95+0.74 ND
maxillary 7.5 3.46 +1.05 0.36+0.16
Trachea carina 0 2.69+0.95 ND
7.5 2.33+1.12 ND
Trachea proximal 0 2.35+1.05 ND
7.5 2.35+1.05 ND
Luetal 12.28 mg/m3 [13CD,]-CH,0 Endogenous Exogenous
(2010a); Rats, generated from [13CD;]PFA; 6 I(ijpos.ure adducts adducts
Fisher; Male, hrs/day, 1 or 5 days; nose- uration N2-hm-dG/107 dG
n=s-8 gggi:ézgixzediatel after 1 20320.73 1.28+0.49
exposure; tissues colls\a/cted. >-d 2.84+1.13 2.43+0.78
Nasal tissuebc N°-hm-dA/107 dA
1-d 3.95+0.26 ND
5-d 3.61+0.95 ND
dG-CH,-dG/107 dG
1-d 0.17 +0.05 0.14+0.06
5-d 0.18+0.06 0.26 £ 0.07
Lu et al. [13CD,]-CH,0 from [13CD,]PFA; Exposure Endogenous Exogenous
(_2._9_1_1_)? Rats, 6 hrs, nose-only exposure; concentration adducts adducts
Fischer; n=5-6 Sacrificed immediately after {mg/m3 N2-hm-dG adducts/107 dG
exposure; tissue collected.
. 0.9+0.25 3.62+1.33 0.039+0.019
Nasal tissue
2.5+0.12 6.09+3.03 0.19+0.08
7.1+0.62 5.51+1.06 1.04+0.24
11.2+2.71 3.41+0.46 2.03+0.43
18.7 +2.58 4,24 +0.92 11.15+3.01
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CH:0 Observations
exposure
Reference Portal of cong. Endogenous | Exogenous
and design Exposure and analysis® entry tissues {mg/m3) adducts adducts
Yu et al. 0 {air control) or 2.46 mg/m3 Endogenous Exogenous
(2015b); Rats, [3CD;]-CH,0 from [13CD,]PFA; Z’:’r::i":: adducts adducts
Fischer, male; nose-only exposure; 6 hrs/d NZ-hm-dG/107 dG
n=8-9 for7, 14,21, or 28 Air control 2.84+0.54 ND
consecutive days; 7d 2.51+0.63 0.35+0.17
postexposure recovery for 6,
24,72, and 168 hrs. Sacrificed | oo aoithelium 14d 3.09+0.98 084+0.17
immediately after exposure at 21d 3.34+£1.06 0.95+0.11
indicated time points; tissues 28d 2.82+0.76 1.05+0.16
collected. 6 hrs PE 2.80+0.58 0.83+0.33
24 hrs PE 2.98+0.70 0.80+0.46
72 hrs PE 2.99+0.63 0.63+0.12
168 hrs PE 2.78 +0.48 0.67+0.20

#Tissue DNA was extracted, reduced with sodium cyanogen borohydride (NaCNBH3s), digested and analyzed by
nano-UPLC-MS/MS.

PNasal respiratory epithelium from the right and left sides of the nose and the septum.

‘Exogenous N%-hmdA adducts were not detected in any tissues; exogenous N?-hm-dG and dG-dG crosslinks were
detected only in nasal tissues.

Abbreviations: CH20, formaldehyde; D, deuterium; MS, mass spectrometry; PE, postexposure; PFA,
paraformaldehyde; ND, not detected; N2-hm-dG, N2-hydroxymethyl-deoxyguanine; Nb-hm-dA, N8-hydroxymethyl-
deoxyadenine; dG-CH2-dG, dG-dG crosslinks; UPLC, ultra-pressure liquid chromatography.

Unknown contribution of potential interactions with other nasal mucosa elements

Formaldehyde is likely to interact with other components of the nasal mucosa depending on
the concentration and duration of exposure. A small amount of inhaled formaldehyde, converted
predominantly to methanediol, is expected to penetrate the epithelial cell layer and react with the
basement membrane or with constituents of the lamina propria, including components of the
connective tissue/extracellular space, mucus gland components, lymphoid components, and
vascular components. Andersen etal. (2008) examined the gene expression in different tissue
compartments of male F344 rats exposed to formaldehyde concentrations ranging from 0.9~18.5
mg/m?3 by inhalation exposure. They reported that at low concentrations (0.9-2.5 mg/m?3)
formaldehyde is likely to react with the extracellular components of the cells at or near the cell
membrane, while at higher doses (7.5-18.5 mg/m3} responses are observed in both extracellular
and intracellular sites involving more genes in the response. The gene expression data from this
study suggests the possibility for a potential interaction of formaldehyde with other nasal mucosa

components.

Removal of inhaled formaldehyde from the POE
The main processes for removing inhaled formaldehyde from the URT involve clearance in
the mucus and metabolism to formic acid. Formic acid can enter the 1C pool and may either be

oxidized to CO, or incorporated metabolically into nucleic acids and proteins carrying the 1C units
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through THF derivatives. Formate can also be absorbed into circulation, reach the kidneys, and be

excreted in urine.

Summary of penetration, metabolism and removal of inhaled formaldehyde within the URT
tissue

In summary, as inhaled formaldehyde enters the URT it interacts with the mucociliary
apparatus which is the first line of defense. In nasal mucus, most of the formaldehyde is rapidly
converted to methanediol (x99.9%) and a minor fraction remains as free formaldehyde {~0.1%).
Inhaled formaldehyde induces mucostasis and ciliastasis in rat nasal mucociliary apparatus
extending from the anterior to posterior regions of nasal cavity depending on the concentration and

duration of exposure (Morgan et al., 1986a). However, as previously noted, uncertainties remain

regarding the pattern of induced mucostasis, or the complete lack thereof, at low levels of
formaldehyde exposure. Methanediol is assumed to be better able to penetrate the tissues, while
free formaldehyde reacts with the macromolecules. It is assumed that the equilibrium is rapid,

hence that the methanediol:free formaldehyde equilibrium ratio is maintained {Fox et al., 1985).

However, uncertainties remain regarding the net impact of the transition of inhaled formaldehyde
from the mucociliary layer to the underlying epithelium due to the presence of endogenous
formaldehyde, which is a component of normal cellular metabolism. In the URT, formaldehyde is
predominantly metabolized by glutathione-dependent class Il alcohol dehydrogenase (ADH3) and
by a minor pathway involving aldehyde dehydrogenase 2 (ALDHZ} to formate. Formate can either
enter the one-carbon pool leading to protein and nucleic acid synthesis, or is further metabolized to
CO; and eliminated in expired air or excreted in urine unchanged.

Formaldehyde can interact with macromolecules either by noncovalently binding to GSH,
THF, or albumin in nasal mucus or covalently forming DPX, DDX, hm-DNA adducts, or protein
adducts. In rats and monkeys, formaldehyde exposure results in a concentration-dependent

increase in DPX. Metabolic incorporation studies with 14C-formaldehyde have shown both covalent

binding and metabolic incorporation in nasal tissues (Casanova and Heck, 1987; Casanova-Schmitz

et al., 1984b). Distribution patterns in the nasal passages correspond to the tumor incidence

locations in rats and to proliferative response patterns in both rats and monkeys. Hence, DPX has
been used as a surrogate biomarker of exposure for risk assessment. Inhaled formaldehyde
induces a concentration-dependent increase in N2-hm-dG adducts in the nasal passages of monkeys
and rats. Recently, analytical methods have been developed that can distinguish N2-hm-dG adducts
formed from exogenous sources from those formed from endogenous sources. Notably,
endogenous N2-hm-dG adduct levels are much higher than exogenous monoadductlevels in
animals, because formaldehyde is known to be produced continuously during normal cellular
metabolism. It has been suggested that N2-hm-dG adducts could be used as a marker of exposure in
risk assessment. However, this use might be compromised by several methodological issues in the

adduct isolation and analysis.
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A.2.4. Modifying Factors and Specific Uncertainties Regarding the Toxicokinetics of Inhaled
Formaldehyde Within the POE

Many factors could influence the uptake and removal of inhaled formaldehyde at the POE.
Distribution and tissue penetration of inhaled formaldehyde could both be significantly modified as
a result of changes in environmental factors or tissue alterations induced by prolonged exposure.
Similarly, metabolic detoxification of formaldehyde and clearance from the URT are dependent
upon a number of cofactors and proteins that may be modified by changes to the environment or by
prolonged exposure. Finally, modeling indicates that endogenous formaldehyde has the potential
to impact on the toxicokinetics of inhaled formaldehyde. This section will not include a description
of every potential modifying factor, but will attempt to highlight those interpreted to be most
important or controversial, particularly those that may be essential to interpreting differences

between experimental animals and humans.

Adjustments to account for reflex bradypnea in rodent studies

Reflex bradypnea (RB} is a protective reflex that allows rodents—but not humans—to
significantly reduce their inhalation exposures to URT irritants such as formaldehyde. When an
irritating concentration of formaldehyde triggers RB via the trigeminal nerve, rodents have an
immediate decrease in respiratory rate and minute volume, and thus a marked decrease in
formaldehyde exposure. Their RB persists until the exposure ends although the strength of the
response in the initial minutes after exposure begins can be much stronger than later in the
exposure. Kane and Alerie (1977) showed a maximal response in naive mice of 13.7% decreased
respiration rate from exposure to 0.55 ppm formaldehyde. This increased slightly to 15.6% in mice
preexposed for 3 days. Consequently, a rodent study may not be health protective for humans
unless the chamber concentrations or minute volume are adjusted to account for the rodents’
reduced formaldehyde exposure. However, existing models and dose-response analyses have not
accounted for this effect.

Unfortunately, it is not known if or when rodents develop a tolerance to formaldehyde and
resume normal breathing. Considering that Chang and Barrow (1984) reported that F-344 rats
experienced RB throughout 10 days of formaldehyde exposure, it may be appropriate to adjust
short-term rodent exposure concentrations to make them health protective for humans. Because a
long-term RB study has never been performed for formaldehyde or any other URT irritant, there is
no way of knowing whether similar adjustment is warranted for subchronic and/or chronic rodent

studies. This is a significant data gap.

Modification due to effects of exposure on nasal mucosa function

Several events reported to occur after inhalation exposure to formaldehyde have the
potential to modify the toxicokinetics of formaldehyde in the URT during subsequent exposure

scenarios. Important among these factors are dynamic tissue modeling, changes in mucociliary
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clearance, reduction in minute volume, and changes in glutathione levels and glutathione-mediated
ADH3 activity.

Functional changes in the respiratory epithelium could have significant effects on the
subsequent uptake of inhaled formaldehyde. Squamous metaplasia, a tissue conversion that is an
adaptive response that occurs in nasal epithelium exposed to toxic levels of formaldehyde, has been
observed in rats exposed to 22.46 mg/m3 formaldehyde for longer than 18 months. This type of
dynamic tissue remodeling of nasal airways can affect formaldehyde dosimetry, as squamous
metaplastic tissue is known to absorb considerably less formaldehyde than other epithelial types

{Kamata et al., 1997}. This is of critical concern for dosimetric modeling efforts, which typically rely

on results from simulations of acute, rather than prolonged, exposure. The highest flux levels of
formaldehyde in simulations of the rat nose in Kimbell et al. (2001b) are estimated in the region
just posterior to the nasal vestibule. A consequence of squamous metaplasia is to “push” the higher

levels of formaldehyde flux toward the more distal regions of the nose (Kimbell et al., 1997b).

Uncertainties in the modeling of formaldehyde dosimetry are presented by Subramaniam et al.
(2008) and are discussed in the PBPK Section (see Appendix B.2.2}. A similar concern is raised
regarding the observation that exposure affects the integrity and/or function of the mucociliary
layer, as previously discussed (see Section A.2.3).

Exposure-induced changes to factors involved in the detoxification of formaldehyde could
also affect its toxicokinetics during a subsequent challenge. The enzyme ADH3 is central to the
metabolism of formaldehyde; however, exposure to formaldehyde in turn alters the activity of
ADH3-dependent critical metabolic pathways. For example, transcription of ADH3 correlates with

the proliferative states in human oral keratinocytes (Nilsson et al., 2004; Hedberg et al,, 2000). In

rodent lung, an increase in ADH3 activity affects other ADH3 substrates involved in protein
modification and cell signaling (Que et al., 2005). Other pathways of ADH3 include oxidation of

retinol and long-chain primary alcohols and reduction of S-nitrosoglutathione (GSNO). GSNO can
accelerate ADH3-mediated formaldehyde oxidation and, likewise, formaldehyde increases ADH3-
mediated GSNO reduction nearly 25-fold. Because GSNO is an endogenous bronchodilator and
reservoir of nitric oxide (NO} activity, ADH3-mediated reduction of GSNO can cause a deregulation

of NO (Reviewed in Reviewed in Thompson et al., 2010).

Similarly, glutathione is essential to detoxification of formaldehyde through the major
pathway. GSH is present in most cells at levels far in excess of formaldehyde. In humans, the
HMGSH levels are high since circulating GSH concentrations are ~50 times higher than

is reversibly bound to GSH (Ugtila and Koivusalo, 1989} and to a minor extent bound reversibly to

tetrahydrofolate (Heck et al., 1982). Inhaled formaldehyde is similarly expected to undergo
detoxification following reversible binding to GSH. Glutathione levels are unchanged in tissue
homogenates following acute exposures but represent a possible adaptive response that may be

location-specific and changed with prolonged exposure. For example, repeated exposure to
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formaldehyde (18.45 mg/m3, 6 hrs/d for 9 days) did not affect either the GSH levels or the specific
activities of ADH3 and ALDHZ in the nasal mucosa F344 rats (Casanova-Schmitz et al., 1984a).

Interfacial DNA levels can be increased by glutathione depletion. This was tested by Casanova and

Heck (1987) by exposing rats for 3 hours on two consecutive days to a range (1.11-12.3 mg/m3} of
formaldehyde by inhalation, on Day 1 to nonlabeled formaldehyde and on Day 2 to a mixture of [3H]
and [14C]-labeled formaldehyde. Two hours before the exposure on the second day, the animals
were injected i.p. with 300 mg/kg phorone, a GSH depleting agent. The authors reported a 90-95%
decrease in GSH levels and significant decrease in metabolic incorporation in nasal respiratory and
olfactory mucosa and bone marrow of phorone-treated rats. In contrast, the 3H/14C ratios of [F DNA
were increased in a concentration-dependent manner for both phorone-treated and control groups
of rats, albeit the levels were slightly higher in phorone-treated rats compared to control rats.

Thus, depletion of GSH appeared to result in more unmetabolized formaldehyde available for

covalent binding (crosslink formation} following 3-hour exposure.

Specific uncertainties regarding the potential impact of endogenous formaldehyde

Since formaldehyde is produced through normal cellular metabolism, several uncertainties
exist which might impact the metabolism of exogenous formaldehyde in the body. This section
covers the sources of endogenous formaldehyde, comparisons about its concentration gradient, its

metabolism and reactivity, and the impact of inhaled formaldehyde on endogenous formaldehyde.

Sources of endogenous formaldehyvde

Formaldehyde is endogenously produced through normal cellular metabolism from three
main sources. As detailed below and outlined in Figure A-8, these sources include: (1} enzymatic
reactions, (2} nonenzymatic reactions, and (3} as a metabolic byproduct of cellular metabolism of
xenobiotics (e.g., drugs, environmental contaminants) that enter the body.

{1) Enzymatic pathways that generate formaldehyde endogenously as a normal component
of cellular metabolism include four metabolic pathways: methylamine deamination, choline
oxidation, histone lysine demethylation, and amino acid metabolism (serine, glycine, methionine).
Formaldehyde can also be generated through endogenous generation from exogenous sources (e.g.,
methanol). These enzymatic sources are summarized in Figure A-8.

Methylamine is endogenously produced through amine catabolism, which upon
deamination carried out by the enzyme semicarbazide-sensitive amino oxidase (SSAQO) gives rise to
formaldehyde. Choline oxidation is another endogenous metabolic process by which formaldehyde
is generated. Choline is converted to glycine through several intermediary steps (choline = betaine
- dimethylglycine (DMG) = sarcosine = glycine. The last two steps in this pathway are catalyzed
by dimethylglycine dehydrogenase (DMGDH]) and sarcosine dehydrogenase (SDH}, respectively,
using flavin adenine dinucleotide (FAD]) as a cofactor. During these two steps the dehydrogenases
nonenzymatically condense tetrahydrofolate (THF) with formaldehyde generating 5, 10-
methylene-THF (5, 10-CH2-THF]}, also known as “active formaldehyde.”
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The other mechanism of endogenous formaldehyde production is through histone lysine
demethylation, which is carried out by two classes of enzymes near the nucleus inacell. One isa
FAD-dependent amine oxidase, also known as lysine-specific demethylase 1 (LSD1/KDM1). The
other one belongs to the Jumonji C terminal (JmjC} domain-containing histone demethylase
(JHDM1/KDM2A). The LSD1 and JHDM1 enzymes act, respectively, on dimethyl lysine and
trimethyl lysine converting them to monomethyl- and dimethyl lysine with the liberation of

formaldehyde as an intermediary product (Shi et al., 2004). Formaldehyde can also be generated

from methanol by either enzymatic or nonenzymatic pathways.
{2} Formaldehyde can also be formed nonenzymatically by the spontaneous reaction of
methanol with hydroxyl radicals, wherein intracellular hydrogen peroxide is converted to the

hydroxyl radical through the Fenton reaction (Cederbaum and Qureshi, 1982). Another mechanism

of nonenzymatic production of formaldehyde is through lipid peroxidation of polyunsaturated fatty
acids (PUFA) (Shibamoto, 2006; Slater, 1984 ). Itis known that a certain level of oxidative stress

and lipid peroxidation occurs in every individual, and these oxidative processes are likely to

contribute to endogenous formaldehyde production (Qzen et al., 2008; Zararsiz et al., 2006).

{(3) Formaldehyde may also be produced intracellularly during microsomal cytochrome
P450 enzyme-catalyzed oxidative demethylation of N-, 0-, and S-methyl groups of xenobiotics
(ATSDR, 2008} that enter the body through dietary, environmental, or medicinal exposures, as

prodrugs is #2-100 mg. However, the authors point out that in humans with endogenous blood
levels of *2-3 ug/g of blood total formaldehyde (Heck et al., 1985}, the fraction of formaldehyde
released from xenobiotics may contribute a small fraction to the endogenous pool (Dhareshwar and
Stella, 2008).
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Figure A-8. Endogenous and dietary sources of formaldehyde production.

Formaldehyde is generated in the body through {a) Enzymatic mechanisms - involving (i) Steroid biosynthesis -
from lanosterol, (ii} Intermediary metabolism - from methylamine (Yu and Zuo, 1996), (iii) Choline metabolism
(Binzak et al., 2000), (iv) Stress - through adrenaline (Yu et al., 1997), (v) histone lysine demethylation (Shi et al.
2004) and (vi) Methanol metabolism (enzymatic) (Skrzydlewska, 2003); (b} Nonenzymatic mechanisms - (i)
Methanol oxidation {Cederbaum and Qureshi, 1982} (ii) Lipid Peroxidation of polyunsaturated fatty acids or PUFA

Abbreviations: DMG: dimethyl glycine; C1: one carbon; NNK: 4-(methylnitrosamino)-1-(3-pyridyl}-1-butanone; THF:
tetrahydrofolate; LSD1/KDM1, lysine (K)-specific demthylase 1; JHDM1/KDM2A, JumonjiC-domain containing
histone demthylase 1.

Enzymes: g, alcohol dehydrogenase-1 (ADH1) in primates and ADH1 and catalase in rodents; &, semicarbazole-
sensitive amine oxidase; ¢, serine hydroxymethyl transferase; d, sarcosine dehydrogenase; ¢, dimethylglycine
dehydrogenase.

The presence of comparatively high levels of endogenous formaldehyde in cells of the URT
presents an important uncertainty to evaluating the toxicokinetics of inhaled formaldehyde. Once
inhaled formaldehyde interacts with aqueous matrices such as mucus and is hydrated, the
biochemical interactions of inhaled formaldehyde and endogencus formaldehyde are assumed to be
very similar, given that there are no differences in chemical structure. However, other than in the
nucleus (i.e, the experiments detailing DNA adducts]), no data are available to inform where and to
what extent endogenous and exogenous formaldehyde may be available to participate in these
reactions.

Although much is unknown regarding the impact of endogenous formaldehyde on the

formaldehyde uptake and metabolism as outlined in the sections above, uncertainties relevant to
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interpreting the potential for biological differences between inhaled formaldehyde and endogenous
formaldehyde are important to specify. Several of these uncertainties, which are essential to
consider when comparing the distribution and macromolecular binding of endogenous

formaldehyde versus inhaled formaldehyde, are outlined below.

Comparisons regarding the concentration gradient of endogenous formaldehyde

Endogenous formaldehyde is known to be produced within all cells of the URT. The specific
levels of endogenous formaldehyde within each type of cell, or even within the various components
of the nasal tissue (e.g., the respiratory mucosa lining the maxilloturbinates; the squamous
epithelium lining the luminal surface of the nasal vestibule), are likely to vary across individuals
and have not been experimentally defined. However, there is likely to be a general level (for which
estimates have been calculated) that could be applied homogenously across the URT tissue. With
formaldehyde inhalation, it does not appear that the general (endogenous) levels of formaldehyde

in the entire nasal mucosa are significantly altered (e.g., e.g., Heck et al., 1983; Heck et al., 1982). A

concern is raised when interpreting observed changes in the levels or macromolecular binding of
endogenous formaldehyde, as compared to those caused by inhaled formaldehyde. Specifically, a
consideration of the tissue region assayed needs to be incorporated. While endogenous
formaldehyde is produced within all regions of the nasal mucosa, uptake of inhaled formaldehyde
occurs at specific anatomic locations, primarily the squamous epithelium and respiratory mucosa in
anterior regions of the nose. Thus, comparisons of endogenous levels (or effects) in homogenates
containing isolates where all components are “target” tissues versus inhaled formaldehyde levels
{or effects} in homogenates containing both “target” and “nontarget” (e.g., olfactory epithelium)
isolates are difficult to interpret. Notably, the comparisons involving N2-hm-dG DNA adducts (Lu et
al., 2011; Moeller et al,, 2011; Lu et al,, 2010a) addressed this concern. These authors compared

isolates of nasal respiratory mucosa and observed that dose-dependent increases in N2-hm-dG
adducts due to short-term, exogenous exposure do not reach the level of N2-hm-dG adducts due to

endogenous formaldehyde until exposure to >11 mg/m? formaldehyde (Lu et al,, 2011); relatedly,

low levels of dG-CH»-dG adducts appeared to be higher with exogenous exposure to 12.3 mg/m?3

formaldehyde for 5 days, as compared to adducts caused by endogenous formaldehyde (Lu et al.

2010a}. Similarly, the measurements by Heck et al. (1983; 1982} also appeared to quantify these
effects based on isolated respiratory mucosa.

A related concern, based on the decreasing concentration of inhaled formaldehyde reaching
deeper components of the nasal mucosa, is that exogenous formaldehyde is not expected to interact
to the same extent with all components (cellular and extracellular} of the nasal mucosa. Rather,
these interactions are highly enriched in the epithelial cells and associated cellular/extracellular
components along the apical surface of the respiratory mucosa. This is assumed to be in contrast
with endogenous formaldehyde, which is present (possibly at comparable levels} inside all cells of
the nasal mucosa. Although the respiratory epithelium would be expected to comprise the majority

of the cellular makeup of the isolated mucosa, contributions from cells in the lamina propria to
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measured levels and effects of endogenous formaldehyde would be expected to far outweigh those
same contributions attributable to exogenous exposure. Thus, this introduces an uncertain amount
of inequality to comparisons of the relative contributions of exogenous and endogenous
formaldehyde to macromolecular binding. It also highlights an important characteristic of the
levels of exogenous and endogenous formaldehyde in tissue isolates; namely, that these levels do
not necessarily reflect, nor even approximate, the comparative levels in the target cells. However, it
would be methodologically arduous to isolate select portion(s} of the respiratory mucosa for

comparison, and as such, it does not appear that any studies have done so.

Comparisons regarding metabolism and reactivity of endogenous formaldehyde

As compared to exogenous formaldehyde, for which it is unknown how quickly it may be
detoxified by the normal cellular machinery, the production and subsequent detoxification of
endogenous formaldehyde appears to be kept under strict control. As mentioned earlier, the
majority of endogenous formaldehyde is reversibly bound to GSH at any time (Sapnghani et al.,
2000).

The regulation of endogenous formaldehyde appears to be imperfect, given the presence of
endogenous N2-HOCH»-dG (dG) adducts (Swenberg et al., 2011). The endogenous adduct levels

from a single 6-hour exposure to ~10 ppm formaldehyde. Given that endogenous formaldehyde is
present continuously, the equivalent continuous exposure to exogenous formaldehyde that would
result in the same dG levels must be somewhat less than 10 ppm, perhaps 1 or 2 ppm (i.e, a
continuous exposure to 2 ppm could produce the same dG levels as a single, 6-hour exposure to
10 ppm; a much more detailed pharmacokinetic analysis would be required to exactly determine
the exact equivalent exposure). Toxicokinetic models that are calibrated or matched with
formaldehyde-induced DPX data and use the DNA-binding constant determined in vitro by Heck
and Keller (1988) can be used with reasonable reliability to predict induced tissue levels of
formaldehyde in the rat nose from exogenous exposure. For example, Georgieva et al. (2003)
predict an exogenous level in nasal tissue of around 17 uM from a 6-ppm exposure. Heck et al.
{1982) reported a total endogenous level in rat nasal tissue of 12.6 pg/g or 420 pM. But as
described just above, the dG adducts from endogenous formaldehyde correspond to an exposure of
less than 10 ppm, though the total amount of endogenous formaldehyde is over 20-times higher.
be bound or sequestered in a way that reduces its ability to react with DNA, in comparison with

exogenous formaldehyde.

Impact of inhaled formaldehyde on the function of endogenous formaldehyde

Although formaldehyde inhalation does not appear to result in a measurable change in the

total level of formaldehyde in the nasal tissue of rats (Heck et al,, 1982}, it has yet to be determined

whether exposure results in any changes to the normal functions of endogenous formaldehyde. For
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example, in the study by Lu et al. (2011), rats exposed to 13C-formaldehyde showed a
concentration-dependent increase in the exogenous hm-dG adduct levels, and the corresponding
endogenous N2-hm-dG adduct levels were highly variable at different exposure concentrations in
the nasal tissues. In addition to the potential “compartmentalization” differences mentioned above,
the endogenous DNA adduct levels, reflective of endogenous formaldehyde, do not appear to be
static. Possible effects of exogenous formaldehyde exposure on metabolism and distribution
processes of endogenous formaldehyde cannot be conclusively ruled out. However, no appreciable
changes in the number of adducts formed as a result of interactions of endogenous formaldehyde
with cellular constituents have been noted, even in the presence of formaldehyde exposure {e.g.,
e.g, Yuetal, 2015b).

Summary of potential modifying factors and specific uncertainties

The toxicokinetics of formaldehyde may be influenced by certain formaldehyde-related

effects, such as mucociliary clearance (Morgan et al., 1983}, reflex bradypnea (rodents only} and

reduction in minute volume (Chang et al., 1983; Chang et al.. 1981}, and dynamic tissue remodeling

(Kamata et al.,, 1997}, which have the potential to modulate formaldehyde uptake and clearance.

For example, during repeated inhalation exposure to formaldehyde, mice but not rats lower their

minute volume thereby restricting the intake of the gas {Chang et al., 1983; Chang et al., 1981},

which may impact dosimetric adjustment if extrapolated to humans. Exposure to formaldehyde can
also cause a perturbation of ADH3-dependent pathways involved in cell proliferation (Nilsson et al.
2004; Hedberg et al.,, 2000}, protein modification and cell signaling (Que et al., 2005}, GSNO

metabolism, and deregulation of nitric oxide-dependent pathways (Thompson et al., 2010). Inrats

exposed by inhalation to formaldehyde, a rapid GSH depletion can result in more free formaldehyde

available for covalent binding and lowering metabolic incorporation {Casanova and Heck, 1987).

A.2.5. Conclusions Regarding the Toxicokinetics of Inhaled Formaldehyde Within the POE
Within the POE, a majority of inhaled formaldehyde is rapidly retained in the URT of

humans and experimental animals, irrespective of species differences in the anatomy, physiology,
and breathing patterns. Based on formaldehyde’s molecular and biochemical properties, it can
reasonably be inferred that total formaldehyde levels are not significantly affected by exogenous
exposure. Also, one can conclude that following inhalation, formaldehyde levels are successively
reduced as formaldehyde from the air penetrates through the various components of the nasal
mucosa. Formaldehyde levels are reduced through interactions with components of the mucus and
through mucociliary clearance; through reactions with cellular materials at the plasma membrane
of the respiratory epithelium; via interactions with glutathione (GSH) and other macromolecules in
the intracellular and extracellular space; through localized metabolism and conjugation reactions;
and through reversible interactions with intracellular materials. This results in the formation of a
gradient of formaldehyde across the tissue space, with the greatest formaldehyde concentration at

the apical surface of the mucosa, and the lowest levels of formaldehyde at deeper components of
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the tissue, such as the nasal associated lymphoid tissues (NALT) and blood vessels. In the URT,
formaldehyde is metabolized by cytosolic ADH3 (major} and mitochondrial ALDH2 (minor)
enzymes to formate which is further metabolized to CO; and eliminated in expired air, enters the 1C
pool leading to metabolic incorporation, or is excreted in urine unchanged. The toxicokinetics of
formaldehyde may be influenced by several modifying factors in the nasal passages, which should

be considered for dosimetric adjustment when extrapolating to humans.

A.2.6. Toxicokinetics of inhaled formaldehyde beyond the portal of entry

Consistent with the previously described concentration gradient of inhaled formaldehyde
within the POE, multiple studies report that very little inhaled formaldehyde reaches the
vasculature of the respiratory tract to allow for absorption into the systemic circulation. Similarly,
there is very little evidence that inhaled formaldehyde is distributed to tissues such as the bone
marrow, liver, or brain. Studies examining the potential for direct interactions of inhaled
formaldehyde with cellular macromolecules at distal sites have also not reported any evidence of
these effects, despite observing that endogenous formaldehyde elicits such effects. Although the
evidence is not entirely conclusive, and some uncertainties remain to be explored, the currently
available data support an overall conclusion that appreciable amounts of inhaled formaldehyde are
not distributed outside of the URT. Formaldehyde produced endogenously through enzymatic and

nonenzymatic mechanism as well as that produced by the demethylation of xenobiotics (ATSDR

2008), may pose some uncertainties for the exogenous formaldehyde metabolism.

A.2.7. Levels of Endogenous and Inhaled Formaldehyde in Blood and Distal Tissues

Using the detection methods employed by Heck et al. (1982), two studies from the same
group reported endogenous levels of total formaldehyde in blood to be 2.61 + 0.14 yg/g of blood in
unexposed human subjects {Heck et al,, 1985), 2.24 + 0.07 and 2.71+ 0.29 pug/g of blood in control
F344 (Heck et al., 1985} and SD rats (Kleinnijenhuis et al., 2013}, respectively, and 2.42 + 0.09 pg/g

of blood in unexposed rhesus monkeys (Casanova et al., 1988), providing relatively consistent

measurements across species with an average blood level of 2.5 pug/g (0.1 mM} (see Table A-11).
Levels of endogenous formaldehyde higher than in blood were also detected in other distal tissues
of rats, although the nasal tissue contained the highest levels (Heck et al,, 1982). The blood

formaldehyde levels were not significantly changed when tested during exposure or shortly after

exposure to formaldehyde concentrations ranging from 2.3 to 7.4 mg/m3 across the three species,

with varying durations of exposure (Casanova et al., 1988; Heck et al., 1985). The lack of increase in

the blood formaldehyde levels could also be due to the metabolism of formaldehyde in human
erythrocytes, which are known to contain the formaldehyde metabolizing enzymes ADH3 (Uotila
and Koivusalo, 1987) and ALDH2 (Inoue et al,, 1979).

The tissue levels of endogenous formaldehyde determined experimentally by Heck et al.

{1982} may be highly uncertain. Campbell Jr. (2020} assessed these values to be 20x lower based

upon their modeling estimates and attributed this discrepancy to the potential for the Heck et al.
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measurement methodology to overestimate tissue formaldehyde levels. This is addressed again in
Section A.2.12 in a discussion of model derived estimates of the effects of endogenous
formaldehyde on formaldehyde dosimetry.

EPA notes that while these data indicate that inhaled formaldehyde is not absorbed into the
systemic circulation, a rough bounding calculation based on the human data indicates that the Heck
et al. {1985) experiment lacks the sensitivity needed to reach this conclusion. This bounding
calculation assumes that the 2.3 mg/m? of inhaled formaldehyde completely mixes with the blood,
and because of its high solubility, it has a volume of distribution equal to that of all body water [0.57
L/kg of body weight; (Guyton, 1991}]. Using these parameters, the Heck et al. (1985) experiment is
estimated to result in an increased blood formaldehyde concentration of 0.016 pg/g2. This quantity
is one-half the experimental error of 0.03 ug/mL. Hence, even if all of the 2.3 mg/m?3 of inhaled
formaldehyde completely mixes with the blood, under the experimental protocol above for the
human exposure, formaldehyde blood concentration would increase by 0.016 pg/g, a quantity that
cannot be detected by the Heck et al. (1985) experiment.? Moreover, this quantity is two orders of

magnitude lower than the endogenous blood levels. Hence, these results are consistent with a lack

of 14C radiolabel increases in the plasma of rats exposed to 14C formaldehyde (Heck et al., 1983}, as
well as a lack of increase in total formaldehyde calculated following exposure of rats to 13C

formaldehyde (Kleinnijenhuis et al., 2013). Altogether, the data argue that the amount of inhaled

formaldehyde absorbed into the blood is not likely to be significant, even if one assumes that only
5% of the endogenous formaldehyde in blood is not sequestered.

A similar trend was observed in distal tissues. Heck et al. (1983) exposed rats to a range of
14C-formaldehyde concentrations (6.14-29.48 mg/m?3 for 6 hours) and observed that the ratio of
tissue distribution relative to plasma radicactivity (umole equivalents/g tissue} was not correlated

with the exposure concentration, except in the esophagus (Heck et al.,, 1983). Mucociliary transport

from the nose and trachea may have led to these relatively higher esophageal levels. Overall, these
data also indicate that tissue distribution of formaldehyde levels were independent of the exposure
concentration and duration of exposure.

Overall, the published data demonstrate no significant increase in formaldehyde levels in
blood following formaldehyde inhalation. These data also report no significant differences in tissue
and blood formaldehyde levels between preexposed and naive animals. Such observations were
obtained from short-term experimental animal studies based on 14C-radiolabeling by GC-MS. The

use of only this approach is problematic because there is no distinction as to whether the

2Heck et al. (1985) air concentration = 1.9 ppm = 1.9%1.23 mg/m?3=2.34 mg/m?; t = 40/60 h; Inhalation Rate = 10-15
cubic m/day. Assuming 10 m3/24 hrs, we get 10/24 m3*/h. Formaldehyde inhaled = 1.9 x 1.23 x (10/24) x 40/60 h =
0.649 mg. Body water = 40 kg for a 70-kg man (Guyton, 1991); concentration of HCHO = HCHO inhaled/body
water in mg/kg = 0.649/40 = 0.0162 mg/kg or ug/g.

3Even if one were to assume that formaldehyde stays only in the blood stream, this concentration increases to 0.12
ug/g of blood, which is still within the experimental error.
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formaldehyde measured in these studies is free, reversibly or irreversibly bound, measured as

formate, or part of the one-carbon pool. Nevertheless, taken together with the bounding

calculations and relative activity calculations described above, the lack of significance of exogenous

formaldehyde reaching distal tissues appears to hold even given the uncertainty.

Table A-11. Summary of blood and tissue levels of total> formaldehyde in
humans and experimental animals following inhalation exposure to
formaldehyde

Reference and
species

Exposure and analysis

Observations

Heck et al. (1985)
Human volunteers
Male, n=4; female, n=2
24-44 yrs old

2.34 + 0.07 mg/m3 CH,0 {source not specified);
40 min exposure in a walk-in chamber; venous
blood collected before and after exposure; Total
CH,0 measured as PFPH derivative by GC-
MS/SIM

Total® formaldehyde (ug/g of blood)

2.61+0.14
2.77+0.28

Before exposure:
After exposure:

Casanova et al. (1888)
Monkeys, rhesus

Male, n=4;

200-250 g

7.37 mg/m?3 CH,0 (from PFA); 6 hrs/d, 4 d/wk, 4
wks; chamber inhalation; whole-body exposure;
pre- and postexposure blood collected; Total
CH,0 measured as PFPH derivative by GC-
MS/SIM

Total® formaldehyde (ug/g of blood)

Before exposure: 2.42 +0.09
0 min. after exposure 1.84+0.15
40 min. after exposure: 2.04 +0.40

Heck et al. (1985)
Rats, Fischer

Male, n=4,
232+22¢g

17.69 + 2.95 mg/m? CH,0 (source not
specified); 2-hrs exposure; chamber inhalation;
nose-only; controls—no exposure; Total CH,O
measured as PFPH derivative by GC-MS/SIM

Total® formaldehyde (ug/g of blood

2.24+0.07
2.50+0.07

Before exposure:
After exposure:

Kleinnijenhuis et al.

(2013

Rats, Sprague Dawley
Male, n=10

12 wks-old

12.3 mg/m3 3CH,0 (19.3% in aqueous solution:
source not specified); 6-hrs exposure, Nose-
only chamber; Blood samples collected before,
during and after exposure; analyzed by HPLC-
MS/MS after derivatizing with 2,4-DNPH

Total® formaldehyde (mg/L of blood®)

Before Exposure: 2.71+0.29
During Exposure (3 hrs): 2.63+1.12
During Exposure {6 hrs): 2.01+0.48
After Exposure {*6.2 hrs): 2.11+0.35
After Exposure (6.5 hrs): 1.81+0.22

Heck et al. (1982)

7.37 mg/m?3 BCH,0 from PFA; 6 hrs/d;

Rat tissue levels (mean * SE) of total® CH,0

Rats, Fischer 10-days exposure; chamber inhalation; CH,0 Unexposed Exposed
measured as PFPH derivative by GC/MS
Male, n=8 .
Tissue ug/g ue/g
200-250 g
Nasal mucosa 12.6+2.7 11.7+3.6
Liver 6.03+0.5 NR
Testes 8.40+ 3.0 NR
Brain 291+042 NR
Two groups: {(a) preexposure; (b) naive; On days Animals Equivalents of 14C in tissues
Heck et al. (1383) 1-9: group a) received 18.42 mg/m3; CH,0 Exposed (Mean ¢ SE)
Rats, Fischer (from PFA); whole body exposure, 6 hrs/d;
Male. n=3- group b}: no exposure. Onday 10: groups a and | hajve rats Nasal mucosa | Plasma
’ ’ b received 14C-CH,0 (from PFA) for 6 hrs, nose-
180-250¢g only exposure. Tissue homogenates counted preexposed 2148 + 255 76+ 11
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Reference and
species Exposure and analysis Observations
with LSC for 14CO; trapped in ethanolamine in 2- 2251 + 306 79 + 7
methoxy-ethanol counted for radicactivity
Not significant | Not significant
Heck et al. {1983) Naive rats: dosed with 6.14, {DPM/g (DPM/g
12.28,18.42 or 29.48 " : " .
Rats, Fischer, /e 14C-CHL0 (from Tissue tissue)/(DPM/g Tissue tissue)/(DPM/g
Male, n=12 PFA); 6-hrs nose-only; plasma)* plasma)*
sacrificed immediately after Esophagus 4.94+1.23 Spleen 1.59 + 0.50
exposure; tissue
homogenates counted with Kidney 3.12+0.47 Heart 1.09 + 0.09
LSC.
Liver 2.77 £0.25 Brain 0.37+0.06
Intestine 2.64+0.48 Testes 0.31+0.05
Lung 2.05+0.36 RBC 0.30+0.08

®Includes free and reversibly bound formaldehyde (Heck et al., 1982).

bCalculated concentration in blood and corrected for stability.

“Values {Mean * SD) are ratios of concentrations {radioactivity) in tissues relative to plasma immediately after a 6-
hour exposure to *C-formaldehyde averaged for four concentration groups (n = 12/concentration).

CH20, formaldehyde; GC, gas chromatography; LC, liquid chromatography; MS, mass spectrometry; HPLC-MS/MS,
high performance liquid chromatography/tandem mass spectroscopy; PFA, paraformaldehyde; SIM, selected ion
monitoring; DNPH, dinitrophenyl hydrazine; PFPH, pentafluorophenyl hydrazine; DPM, disintegrations per
minute; ND, not detected; UPLC, ultraperformance liquid chromatography; NaCNBHs, sodium cyanogen
borohydride.

Covalent binding of formaldehyde to macromolecules beyond POE

Formaldehyde has been shown to interact with the macromolecules in the blood or blood

cells, but not in other distal organs as described below.

Evidence of covalent binding of formaldehvde to blood proteins

Formaldehyde has alsoc been shown to covalently bind to serum proteins such as the amino
acid valine in hemoglobin (Hb} forming N-methylvaline adducts in workers in plywood and
laminate factory workers with occupational exposure (Bong et al,, 2006). Also, with human serum
albumin (HSA} it forms formaldehyde-HSA complexes (Thrasher et al., 1990). However, Né-

formyllysine, another formaldehyde-induced protein adduct that alsc occurs endogencusly, was not

detectable in blood cells or in distal tissues (liver, lung, and bone marrow) in rats exposed to

exogenous 13C-labeled formaldehyde (Edrissi et al., 2013a).

Evidence of DPX in the blood cells of formaldehvde exposed workers

DPXs have also been reported in the peripheral blood lymphocytes (PBLs} of formaldehyde-
exposed workers {Shaham et al., 2003; Shaham et al., 1997; Shaham et al.,, 1996). Shaham et al.
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(1996) observed a statistically significant increase in DPX levels in PBLs compared to unexposed

subjects and reported a linear relationship between years of exposure and the amount of DPX.

Lack of experimental evidence of endogenous and exogenous DNA monoadducts and DNA-protein
crosslinks in blood and distal tissues

According to the available adduct studies, inhaled formaldehyde does not reach systemic
tissues in concentrations sufficient to elicit detectable interactions of formaldehyde with DNA. In

the bone marrow of monkeys (Moeller et al., 2011}, and in the bone marrow, liver, lung, spleen,

endogenous formaldehyde, but adducts formed from exogenous formaldehyde were not found
{(see Table A-12). Itis important to note that Moeller etal. (2011) observed 6-8 times higher
endogenous N2-hm-dG adducts in the bone marrow compared to the nasal tissues of monkeys.
Although there were some limitations with the experimental methods, including a possible
overestimation of endogenous adducts due to reasons discussed (see Section A.2.3}, the data
support a general lack of systemic distribution of inhaled formaldehyde.

As described for the POE tissues, efforts have been made to differentiate covalent binding
from metabolic incorporation in bone marrow. Male F344 rats were exposed to a mixture of 3H-
and 14C-labeled formaldehyde for 6 hours at 0.37~18.42 mg/m3 1 day after exposure to

nonradioactive formaldehyde with the same exposure range (Casanova-Schmitz et al., 1984b). The

authors extracted IF DNA from bone marrow (femur) and determined the 3H/1*C ratios of different
phases of DNA (i.e.,, AQ DNA and IF DNA}. As previously described, a sample that contains adducts
and crosslinks should be higher than in a sample that primarily contains metabolically incorporated
formaldehyde. In contrast to results in respiratory mucosa, bone marrow from the distal femur did
not show increased 3H/14C ratio in the [F DNA or AQ DNA or proteins phase as a function of
formaldehyde concentration (see Figure A-9). Therefore, the authors concluded that radiolabeled
metabolites of formaldehyde reached the distal site (femur bone marrow} and were subsequently
metabolically incorporated into macromolecules (see Figure A-7}. In total, these data suggest that
the labeling of bone marrow macromolecules was likely due to metabolic incorporation rather than

due to covalent binding (Casanova-Schmitz et al., 1984b).

distinguishes unlabeled DPX from 13CD;-labeled DPXs induced respectively, from endogenous and
exogenous formaldehyde. The authors demonstrated that inhalation exposure of stable isotope
labeled (13CD;) formaldehyde to rats (18.45 mg/m?3; 6 hours/day; 1-4 days) and monkeys (2.5
mg/m3; 6 hours/day; 2 days} induced exogenous DPX in POE tissues such as nasal passages in both
species, but not in distal tissues, such as bone marrow and peripheral blood monocytes (rats and
monkeys]) and liver (monkeys}, although endogenous DPX were detectable in all tissues (see Table
A-13). These observations further confirm the lack of experimental evidence of formaldehyde

distribution to distal tissues.
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Figure A-9. 3H/14C ratios in macromolecular extracts from rat bone marrow
following 6-hour exposure to 14C- and 3H-labeled formaldehyde (0.3, 2, 6, 10,
and 15 ppm, corresponding to 0.37, 2.46, 7.38, 12.3, 18.42 mg/m3, respectively}.

Source: Adapted from Casanovaschmitz et al. {1984)

Table A-12. Summary of endogenous and exogenous DNA monocadducts in
distal tissues of monkeys and rats following inhalation exposure of 13CD,-

labeled formaldehyde
Reference CH:0
and design Exposure and analysis® conc. Observations
Moeller et al. 2.3 and 7.5 mg/m?3 [13CD,]-CH,0 from PFA; 6 hrs/d; for 2 d; {mg/m3) Bone marrow
(2011, whole-body exposure; sacrificed immediately after exposure;
Monkeys necropsied within 3 hrs; nasal mucosa and bone marrow Endogenous | Exogenous
cynomolg,us collected; tissue DNA extracted, reduced with NaCNBH3, digested adducts adducts
n=3 and analyzed by nano-UPLC/MS. DNA adducts/107dG
2.34 17.5+2.6 ND
7.5 12.4+3.6 ND
Yu et al. 0 (air control), 2.4 or 7.5 |pistal tissue N2-hm-dG/107 dG
(2015b); mg/m3 [13CD,]-CH,0 -
W, from [13CD,]PFA; nose- Scrapped bone marrow {Animal#1) 2.4 17.5+2.6 ND
cynomolgus; ?Onrlyzi);pnzseiﬁ;ivaeh;:\/;j. Scrapped bone marrow (Animal#2) 7.5 124+36 ND
Sacrificed immediately |Ajr control (Animal#2) 0 10.18 + 1.35 ND
after exposure; Tissue
DNA was extracted, Scrapped bone marrow (Animal#2) 7.5 11.00+2.01 ND
reduced with NaCNBHs,
digested and analyzed by Air control (Animal#2) 0 5.65+2.12 ND
-UPLC-MS/MS
nano / Saline extrusion bone marrow 7.5 4.41+1.00 ND
{Animal#2)
Air control (Animal#2) 0 3.64+1.09 ND
White blood cells (Animal#2) 7.5 3.79+1.19 ND
Adduct > N%-hm-dG/107 dG?®
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Reference CH:0
and design Exposure and analysis® conc. Observations
Luetal. 12.3 mg/m? [13CD;,]-CH2C | Duration> 1 day 5 days
(20103); Rats from [13CD,]PFA; 6 hrs/d,
F_insm;le ' 1 or 5 d; nose-only Tissue Endogenous | Exogenous | Endogenous | Exogenous
B ; Sacrificed
n=5-8 Xposure; sacritice Lung 239 +0.16" ND* 2.61£0.35 ND
immediately after
exposure. Lung, liver, || jyer 2.66 +0.53 ND 3.24+0.42 ND
spleen, bone marrow,
thymus, and blood Spleen 2.35+0.31 ND 2.35+0.59 ND
collected; tissue DNA
extracted, reduced with |Bone marrow 1.05+0.14 ND 1.17+0.35 ND
NaCNBH,, digested and
+ +
analyzed by nano-UPLC- Thymus 2.19+0.36 ND 1.99+0.30 ND
MS/MS Blood® 1.28 +0.38 ND 1.10 +0.28 ND
Adduct > Né-hm-dA/107 dA®
Duration> 1 day 5 days
Distal Tissue Endogenous | Exogenous | Endogenous | Exogenous
Lung 2.62+0.24 ND 2.47 £0.55 ND
Liver 2.62+0.46 ND 2.87 £0.65 ND
Spleen 1.85+0.19 ND 2.23+0.89 ND
Bone marrow 295+1.32 ND 2.99+0.08 ND
Thymus 298 +1.11 ND 248 +£0.11 ND
Blood¢ 3.80+0.29 ND 3.66+0.78 ND
Adduct > dG-CH2-dG/107 dG®
Duration-> 1 day 5 days
Distal Tissue Endogenous | Exogenous | Endogenous | Exogenous
Lung 0.20+0.04° ND 0.20+0.03 ND
Liver 0.18+0.05 ND 0.21 +0.08 ND
Spleen 0.15+0.06 ND 0.16 + 0.08 ND
Bone marrow 0.09+0.01 ND 0.11+0.03 ND
Thymus 0.10+0.03 ND 0.19+0.03 ND
Blood® 0.12+0.09 ND 0.10 + 0.07 ND
Yuetal 0 (air control), 2.4 or 7.5 Rat bone marrow Rat white blood cells
. mg/m?3 [13CD,]-CH,0
(2015 b); Rats, from [CDLPFA; nose. Formaldehyde NZ-OHMe-dG (adducts/107 dG)
Fischer; 2 ’ exposure duration
only exposure; 6 hrs/d Endogenous® |Exogenous |Endogenous® Exogenous
for 2 consecutive days; g g g g
Sacrificed immediately | ajr control 3.58 +0.99 ND 2.76 +0.66 ND
after exposure; tissues
collected. Tissue DNA |7 days 3.37+1.56 ND 2.62+1.12 ND
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Reference CH:0
and design Exposure and analysis® conc. Observations
was extracted, reduced |14 days 2.72+1.36 ND 2.26+0.46 ND
with NaCNBH;, digested
and analyzed by nano- |21 days 2.44 +0.96 ND 2.40 +0.47 ND
UPLC-MS/MS 28 days 3.43+2.20 0.34¢ 2.49+0.50 ND
28 days + 6 hrs PE 241+1.14 ND 2.97 +0.58 ND
28 days + 24 hrs PE 4.67 +1.84 ND 2.57+0.58 ND
28 days + 72 hrs PE 5.55+0.76 ND 1.75+0.26 ND
28 days + 168 hrs PE 2.78+1.94 ND 2.61+1.22 ND

N2-OHMe-dG (adducts/107 dG})

Distal tissue Air control 28-day exposure
Endogenous | Exogenous | Endogenous | Exogenous
Thymus 0.78+0.04 ND 0.63+0.06 ND
TBLN 346+1.24 ND 3.01+0.71 ND
Lymph nodes 2.99 +0.85 ND 2.80+1.38 ND
Trachea 3.18+0.72 ND 2.63+0.92 ND
Lung 2.29+0.24 ND 2.13+0.26 ND
Spleen 2.18+0.19 ND 1.83+0.25 ND
Kidneys 2,17 +0.60 ND 1.99 +0.09 ND
Liver 1.97+0.38 ND 1.80+0.02 ND
Brain 2.13+0.17 ND 2.35+1.00 ND

aThe limit of detection for dG monoadducts, dA monoadducts, and dG-dG crosslinks was =240, =75, and =60 amol,
respectively.

bn = 4-5 tissues.

‘Not detectable in 200 ug of DNA.

460~-100 pg of DNA was typically used for analysis of white blood cells isolated from blood.

°n =3.

No statistically significant difference was found using the 2-sided Dunnett’s test (multiple comparisons with a
control).

gThe amount of exogenous N2-hm-dG adducts that was found in only 1 bone marrow sample analyzed by AB SCIEX
Triple Quad 6500.

Abbreviations: PFA, paraformaldehyde; UPLC, ultra-pressure liquid chromatography; MS, mass spectrometry; N2-
hm-dG, N2-hydroxymethyl-deoxyguanosine; N6-hm-dG, N6-hydroxymethyl-deoxyadenosine; dG-CH2-dG, dG-dG
crosslink; TBLN, tracheal bronchial lymph nodes; ND, not detected.
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Table A-13. Summary of endogenous and exogenous DNA-protein crosslinks
in distal tissues of monkeys and rats following inhalation exposure of 13CD;-

labeled formaldehyde
Reference and CH.O
design Exposure and analysis conc. Observations
Laiet al. (2016); 0 {air control)or 7.4 Tissue {mg/m3) Endogenous Exogenous
Monkeys mg/m3 [13CD,]-CH,0 from analyzed Exposure adducts adducts
cynomolgus; PFA; 6 hrs/d; for 2.d; duration dG-Me-Cys/108 dG
whole-body exposure;
PBMC, bone marrow and PBMC 2d 0 1.34+0.25 ND
liver collected; tissue DNA 2d 7.4 1.57 +0.58 ND
extracted; dG-Me-Cys Bone 2d 0 2.30+0.30 ND
purified on HPLC and marrow 24 74 140 + 046 ND
analyzed by nano- -
LC/ESI/MS-MS. Liver 2d 0 15.46 +1.98 ND
2d 7.4 11.80+2.21 ND
Lai et al. (201.6); 0 {air control) or 18.5 Tissue Exposure {mg/m3) Endogenous Exogenous
Rats. F344: N=4-6. mg/m?3 [13CD,]-CH,0 from analyzed Duration adducts adducts
PFA; 6 hrs/d; for 1,2, 4 d; dG-Me-Cys/10° dG
whole-body exposure;
PBMC, and bone marrow PBMC 4d 0 498 +0.61 ND
collected; tissue DNA 1id 18.5 3.26+0.73 ND
extracted; dG-Me-Cys 2d 18.5 3.00+0.98 ND
purified on HPLC and 4d 185 7.19+1.73 ND
analyzed by nano-
marrow 1d 18.5 1.80 +0.47 ND
2d 18.5 1.84 +0.61 ND
4d 18.5 1.58 +0.38 ND

Abbreviations: PFA, paraformaldehyde; LC, liquid chromatography; MS, mass spectrometry; HPLC, high
performance liquid chromatography; CH20, formaldehyde; DPX, DNA-protein crosslinks; dG-Me-Cys,
deoxyguanosine-methyl-cysteine; PBMC, peripheral blood mononuclear cell; ESI, electron spray ionization.

A.2.8. Conjugation, Metabolism, and Speciation of Formaldehyde Outside the POE

Were inhaled formaldehyde to reach the blood or distal tissues, the same factors described
for POE effects, specifically those regarding metabolism, reactivity, and the role of endogenous
formaldehyde, would be relevant to other tissues. The majority of formaldehyde that reached these
systemic sites is expected to be in the form of methanediol which is not reactive with

macromolecules.

A.2.9. Elimination Pathways of Exogenous and Endogenous Formaldehyde

Elimination pathways of endogenous and exogenous pathways may not be different since
all tissues contain surplus GSH and NAD+. Endogenous formaldehyde is oxidized by ADH3 to
formate which is either eliminated as CO; in the exhaled breath or used in the cellular
macromolecular synthesis or excreted in urine. Similarly, the majority of inhaled formaldehyde is
metabolized in the URT by conversion to formate. Further, part of it may be metabolized to CO, or

utilized in the 1C pool. Since the available evidence does not show significant amounts of
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exogenous formaldehyde being transported into blood, the subsequent clearance of any exogenous
formaldehyde that does reach the blood should be similar to the handling of endogenous
formaldehyde.

Excretion of formaldehyde

Inhalation exposure to formaldehyde has not been shown to cause significant changes to the
tissue levels of formaldehyde in the nasal mucosa, the blood, or in the distal tissues. Thus, it is not
expected that formaldehyde and formaldehyde metabolite content in excretion products would be
altered by exposure. The data supporting this expectation are consistent in human and animal
studies.

Formate levels have been detected in both unexposed as well as formaldehyde-exposed
individuals. Gottschling et al. (1984} examined urinary formic acid levels of 35 veterinary medicine
students working in an anatomy lab before exposure and within 2 hours following 1-, 2-, or 3-wk
exposure to a mean formaldehyde concentration of <0.615 mg/m3. The authors did not observe
significant change in the pre- and postexposure levels of formic acid. Since co-exposure to
methanol may also contribute to the metabolism and excretion of formate, the fact that no
significant increase in urinary formate was seen even with that co-exposure further supports the
conclusion that the formaldehyde exposure does not significantly increase formate excretion.

Heck et al. (1983) determined the relative contributions of various elimination pathways in
F344 rats following inhalation exposure to 0.77 and 16.1 mg/m3 of *C-formaldehyde. As shown in
Table A-14, the percentages of radioactivity in various fractions appear to be similar between the
two dose groups tested. Within 70 hours after a 6-hour formaldehyde exposure, nearly 40% of
radioactivity from inhaled 1*C-formaldehyde appeared to be eliminated via expiration, probably as
14CO; (it should be recalled that nearly 100% of inhaled formaldehyde is taken up by the URT); and
x~17 and 5% of radioactivity was eliminated in the urine and feces, respectively. Nearly 40% of
radioactivity remained in the carcass, which is presumably due to both covalent binding and
metabolic incorporation. Thus, in one form or another, 40% of the 14C from inhaled formaldehyde
is not eliminated and is expected to persist in the tissue(s) for some time. Overall, the authors
concluded that, in rats, the relative elimination pathways for the remaining 60% of the 14C are
independent of exposure concentration, and followed the pattern of elimination in the order of
expired air > urine > feces.

Although not specifically demonstrated following exposure, assumptions based on the
known distribution and metabolism of formaldehyde and its detoxification products allow for
inferences to be drawn regarding how inhaled 14C reaches these elimination points. Approximately

one-third of inhaled formaldehyde is estimated to be removed in the URT mucus (Schilosser, 1999).

It is expected that the majority of this formaldehyde would be removed from the URT via
mucociliary clearance and excreted in urine in various forms. A large amount of inhaled

formaldehyde penetrating the mucociliary layer of the URT is metabolized in the nasal cavity, giving
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rise to formate, which can be excreted in urine. Part of this formate may also be further oxidized

and eliminated in the exhaled breath as CO;. Some formaldehyde is incorporated into the 1C pool.

Table A-14. Summary of excretion study following exposure to formaldehyde
by inhalation in rats

Reference and Treatment and
species analysis Observations

Heck et al. 0.77 and 16.1 mg/m3 HCHO for 6 hrs; rats % Radioactivity (Mean % SD) in various fractions

:1983 sacrificed 70 hrs after removal from . B Air borne CH,0
exposure chamber; tissues, urine, feces Source of radioactivity

Rats, Fischer collected; exhaled 1*CO; trapped in a 077 me/rm? 16.1 mg/m?

Male, n=4 solution of 5 M ethanolamine in 2- Expired air: 39.4 +1.45 41.9+0.8

210¢ methoxyethanol and % radioactivity Urine: 17.6+1.2 17.3+06
measured in LSC. Feces: 42+15 53+1.3

Tissues? and carcasses: 38.9+1.2 35.2+05

2Nasal mucosa, trachea, esophagus, lung, kidney, liver, intestine, spleen, heart, plasma, erythrocytes, brain, testes.

Levels of endogenous formaldehyde in exhaled human breath

Given that inhaled formaldehyde is almost entirely captured in the URT and is thus unlikely
to reach either the lower respiratory tract (LRT) or the systemic circulation to an appreciable
extent following exposure, and given that formaldehyde inhalation does not appreciably change
total formaldehyde levels in blood or any other tissue; it has been postulated that formaldehyde in
exhaled breath (measured in mouth-only exhalations) is expected to predominantly represent a
contribution from endogenous formaldehyde. However, it is important to understand the relative
amount of formaldehyde that is produced by the body and released in expired breath versus the
amount of formaldehyde in ambient air.

Table A-15 summarizes six studies that attempted to measure endogenous formaldehyde in
exhaled breath. All studies performed prior to 2010 are limited by their analytical methods, which
are subject to interference from other ions and isotopes that have the same m/z ratio (m/z = 31} as
formaldehyde (e.g., methanol, ethanol, and nitric oxide)}. Also, it was not possible to differentiate
between exogenous and endogenous formaldehyde in exhaled breath because the study subjects

inhaled room air containing formaldehyde (=11 pg/m? formaldehyde).

Table A-15. Measured levels of formaldehyde, methanol and ethanol in room
air and exhaled breath

Analytical Formaldehyde ¢ Methanol Ethanol
Study Method Sample (m/z31) pg/m3 pg/m? pg/m?
Moser et al. PTR-MS Room air: “Negligible” “Negligible” “Negligible”
(2005)° DL:NR Exhaled breath: | 5.24 (median) 198 NR
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Analytical Formaldehyde ¢ Methanol Ethanol
Study Method Sample {m/z 31) pg/m? pg/ms pg/m?
N =344 1.49-89 (range)
Room air: NR NR NR
fzuosgsc)h o | preans o (midiar)]’ 241 (medi
FALY:] DL: NR | nonsmokers median,
N =370 Exhaled breath: 5.53 (median, 81 nonsmokers) NR
smokers)
Room air: 11.79+1.84 NR NR
SIFT-MS
Cap et al. DL: 3.68 2.46 (mean) 365 (mean) 549 (mean)
(2008) © / 3 1.23 (median) 232 (median) | 101 (median)
"""""""" pg/m?® or . ‘
N=34 better Exhaled breath: | ) 1 74 (range) 125-2,848 33-12,604
0 and 3.68 in 2 smokers (range) (range)
SIFT-MS Room air: ND NR NR
Turner et al.
(2008) DL:6.14
N=5 ug/m?or Exhaled breath: | ND 617 {(mean) 549 (mean)
better
Room air: 11.05+3.68 54111 124+ 63
Wang et al. SIFT-MS pooy ;
DL: NR . | &2 imean
Exhaled breath: 4.91-8.6 (range) 329 (mean) 185.46 (mean)
Acac Charcoal 0 NR NR
method filtered air:
Riess et al. DL: <0.62 <0.62 (nonsmokers), ND
(2010) pg/m?3* Exhaled breath: <0.62 (2 smokers) l\,ID NR NR
N=8 -
(nonsmokers) Charcoal 0 NR NR
N=2 PTR-MS ¢ filtered air:
(smokers) DL: =0.62 1.84 (mean; 0.86-2.82),
ug/m? Exhaled breath: | nonsmokers; NA NA
1.23-2.82, 2 smokers

gAuthors reported room air concentrations for 179 chemicals were “negligible.” No smoker data were provided.
bSmoker data and formaldehyde ambient concentration provided by Dr. Spanél (personal communication).
“Values of formaldehyde in parts per billion {ppb) are converted as pg/m? = ppb x 30 (m.w.)/24.45 or ppb x 1.23.
9The gcac method’s limit of detection is 0.062 pug formaldehyde/m3, but the authors calculated a detection limit of

0.62 ug/m? due to a slight periodically fluctuating background noise signal.
€After subtraction for methanol and NO product ions.

Abbreviagtions: DL = Detection Limit; NR = Not Reported; ND = Not Detected; NA = Not Applicable; PTR-MS = Proton
Transfer Reaction Mass Spectrometry; SIFT-MS -= Selected lon Flow Tube Mass Spectrometry.

Riess et al. (2010}, employed the acetyl acetone (acac) method* to measure formaldehyde.
This method is superior to the PTR-MS method used in previous studies because it has a lower limit
of detection, exhibits no interference from other exhaled chemicals, and possesses the ability to
measure in dry or humid atmospheres. In addition, volunteers inhaled formaldehyde-free air. For
comparison, Riess et al. (2010} used both the acac method and the PTR-MS method and observed

“The acac method entails the cyclization of 2, 4-pentanedione {acac), ammonium acetate, and formaldehyde to form
dihydropyridine 3, 5-diacetyl-1, 4-dihydrolutidine (DDL), which fluoresces at 510 nm after excitation at 412 nm.
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mean exhaled formaldehyde concentrations of 1.84 pg/m3 in nonsmokers and 1.23-2.82 pg/m3 in
smokers by the PTR-MS method, but no detectable formaldehyde in any subjects (including
smokers) by the formaldehyde-specific acac method (see Table A-15). A concentration of 5.13
ug/m3was detected by the acac method in a single smoker who was asked to smoke two cigarettes
immediately before the measurement. This smoker’s formaldehyde level declined below the level
of detection within 30 min. Formaldehyde levels were 1.47 to 2.09 ug/m3in subjects asked to
consume methanol-rich hard fruit liquor within 48 hours of the test (recall that methanol is
metabolized by alcohol dehydrogenase to formaldehyde throughout the body). So, even when
formaldehyde levels were intentionally elevated, very little endogenous formaldehyde was expelled
in exhaled breath and these elevations were transient.

In summary, Riess et al. (2010}, the only study to date which avoided the limitations of
previous studies, demonstrated that if endogenous formaldehyde exists in exhaled breath, itis

usually below their level of detection of <0.62 ug/m?.

A.2.10. Conclusions Regarding the Toxicokinetics of Inhaled Formaldehyde Outside of the
POE

In summary, the published data demonstrate that endogenous formaldehyde blood levels
across species are approximately 0.1 mM and these levels do not change with exogenous
formaldehyde exposure, arguing that inhaled formaldehyde is not absorbed into blood. One
limitation of these studies is that these detection methods did not provide a clear distinction on the
nature of formaldehyde (e.g., free, reversibly or irreversibly bound, measured as formate, or part of
the 1C pool). Formaldehyde inhalation studies show metabolic incorporation, but not covalent
binding (e.g., hm-DNA adducts and DPXs} in bone marrow of rats which conclusively show that
exogenous formaldehyde is not transported to the distal tissues. Formaldehyde is likely to be
metabolized in a similar way in distal tissues since enzymes required for metabolism are expressed
in all the tissues. Endogenous levels of formaldehyde in exhaled breath analyzed by different
research groups are often limited due to the lack of specificity in analytical methods and
confounding by presence of formaldehyde in room air in these studies. Based on a recent improved
method, endogenous formaldehyde concentrations in exhaled air have been detected to be lower
than the study’s detection limit of 0.62 pg/ms3 outside of exceptional circumstances (just after

smoking two cigarettes or ingesting something with a high level of methanol).

A.2.11. Toxicokinetics Summary

Formaldehyde is an endogenous chemical produced intracellularly by enzymatic and
nonenzymatic pathways during normal cellular metabolism and a relatively small fraction of free
formaldehyde is produced from metabolism of xenobiotics. Studies in experimental animals using
direct and indirect measurements and modeling studies in human subjects have clearly shown that
a majority of inhaled formaldehyde is rapidly absorbed in the URT despite anatomical and

physiological differences across species. Inhaled formaldehyde develops a concentration gradient
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with an anterior to posterior distribution in the nasal cavity. High concentrations of formaldehyde
are distributed to squamous, transitional, and respiratory epithelia; less formaldehyde uptake
occurs in the olfactory epithelium, and very little or no formaldehyde reaches the lower respiratory
tract, except possibly at very high exposure concentrations and/or during periods of high exertion
with oronasal breathing. Studies in rats show that single exposure to high levels of formaldehyde
or repeated exposure to varying concentrations does not appreciably change the tissue levels of
formaldehyde over the endogenous levels in the nasal mucosa.

Inhaled formaldehyde entering the nasal cavity interacts with the mucociliary apparatus
which is the first line of defense. The majority of formaldehyde is rapidly converted to methanediol
(=99.9%), with a minor fraction (=0.1%}) remaining as {ree formaldehyde in the nasal mucus. A
rapid equilibrium is assumed such that the 99.9:0.1% ratio is maintained at all times. Methanediol
penetrates the tissues while free formaldehyde reacts with the macromolecules. Uncertainties
remain about the distribution of formaldehyde to underlying epithelium owing to the presence of
endogenous formaldehyde, which is a component of normal cellular metabolism. Formaldehyde is
metabolized to formate predominantly by ADH3 and by a minor pathway involving mitochondrial
ALDH2. Formate can either enter the one-carbon pool leading to protein and nucleic acid synthesis
or is further metabolized to CO; and eliminated in expired air or excreted in urine unchanged.

Formaldehyde can interact with macromolecules either noncovalently (GSH, THF) or
covalently (DPX, DDX, hm-DNA monoadducts, protein adducts). In rats and monkeys, DPXs show
dose-response in the nasal cavity where DPX distribution corresponds to tumor sites {rats} and cell
proliferation (rats and monkeys), suggesting that DPX may be a good biomarker of exposure.
Formaldehyde also induces a concentration-dependent increase in DNA monoadducts (e.g., N2-hm-
dG adducts) in the nasal passages of monkeys and rats which can be distinguished from
endogenous adducts using improved analytical methods. Higher levels of endogenous N2-hm-dG
adducts are detectable than the exogenous monoadducts, except at the highest inhaled exposure
concentrations.

The toxicokinetics of formaldehyde may be influenced by certain formaldehyde-induced
effects, such as modifications to mucociliary clearance, reflex bradypnea (rodents only) and
reduction in minute volume, and dynamic tissue remodeling (e.g., squamous metaplasia}, which
have the potential to modulate formaldehyde uptake and clearance. For example, inhaled
formaldehyde induces mucostasis and ciliastasis in the rat nasal mucociliary apparatus extending
from anterior to posterior regions of the nasal cavity depending on the concentration and duration
of exposure. Thus, at least at higher concentrations (e.g., at low concentrations, formaldehyde does
not clearly cause mucostasis), estimates of tissue formaldehyde levels may be more uncertain.
Similarly, the differences observed in altered minute volumes in rats and mice during repeated
inhalation exposure to formaldehyde may impact dosimetric adjustment if extrapolated to humans.

Endogenous blood formaldehyde levels average around 0.1 mM across different species and

inhalation exposure to formaldehyde does not alter blood formaldehyde levels, suggesting that
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inhaled formaldehyde is not significantly absorbed into blood. Formaldehyde-induced exogenous
DNA monoadducts were detectable in nasal tissues but not in distal tissues of experimental animals
exposed by inhalation. This argues against systemic transport of formaldehyde to distal tissues.
Also, formaldehyde inhalation studies show metabolic incorporation, but not covalent binding in
bone marrow of rats, further supporting the lack of transport of formaldehyde (as opposed to
metabolites of formaldehyde]} to the distal tissues.

Analysis of formaldehyde in exhaled breath can be confounded by interfering gases in the
analytical techniques or can be confounded by the presence of formaldehyde in the room air. With
improved techniques, endogenous formaldehyde concentrations in exhaled air have been detected
to be usually lower than the detection limit of 0.62 ug/m3. Overall, no evidence is available to

indicate that inhaled formaldehyde is systemically transported.

A.2.12. Modeling Formaldehyde Flux to Respiratory Tract Tissue

Formaldehyde is highly reactive and water soluble, thus its absorption in the mucus layer
and tissue lining of the respiratory tract is known to be significant. This absorption is highly
regional and the absorption patterns differ substantially across species. This section first provides
the motivation for developing detailed dosimetry models for the regional and species-specific
absorption of formaldehyde. It then discusses the computation of inhaled formaldehyde transport
in the upper (nose and mouth} and lower (lung and trachea) respiratory tract using fluid dynamic
models, and evaluates the level of confidence in these predictions. Finally, a revised dosimetry

model that incorporates estimates of endogenous formaldehyde is discussed.

Species differences in anatomy: consequences for gas transport and respiratory tract lesions

The regional dose of inhaled formaldehyde in the epithelial lining of the respiratory tract of
a given species depends on the amount absorbed at the airway-tissue interface, water solubility,
mucus-to-tissue phase diffusion, and chemical reactions, such as hydrolysis, protein binding, and
metabolism, and on the amount of formaldehyde delivered by the inhaled air to the tissue lining.
This is a function of the major airflow patterns, air-phase diffusion, and absorption at the airway-
epithelial tissue interface. Formaldehyde-induced squamous cell carcinomas (SCC} and other
lesions that occur in the rat and monkey nasal passages and in the monkey lower respiratory tract
are seen to be localized, with the lesion distribution patterns also showing species-specificity. It
has been argued that the main determinant of these patterns and their differences among species is
regional dose (Bogdanffy et al., 1999; Monticello et al., 1996; Monticello and Morgan, 1994; Morgan
etal, 1991).

The anatomy of the respiratory tract, in particular the upper part (see Figure A-10}, and

airflow patterns in this region (see Figure A-11} show large differences across species.
Furthermore, because of the convoluted nature of the airways (see Figure A-10), the uptake of
reactive and water-soluble gases such as formaldehyde in the upper respiratory tract {as seen in

various simulations, Figure A-12} is highly nonhomogeneous over the nasal surface. Thus, as
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shown in Figure A-12, the spatial distribution of formaldehyde flux also shows strong species
dependence. These observations, when juxtaposed with the localized occurrence of lesions, suggest
that regional dose may be important in reducing uncertainty when extrapolating risk-related dose
across species. Kimbell et al. (1993}, Kepler et al. (1998}, and Subramaniam et al. (1998) developed

anatomically realistic finite-element representations of the noses of F344 rats, rhesus monkeys, and

humans, and used them in physical and computational models (Kimbell et al., 2001a; Kimbell et al.,
2001b); see Figure A-10 and Figure A-11). This assessment uses dosimetry derived from these
representations.

Formaldehyde dosimetry in the lower human respiratory tract (i.e., in the trachea and lung)
may alsc be important to consider. The upper respiratory tract is generally a good scrubber of
formaldehyde; as a result, there is less penetration into the lungs. However, the extent of this
scrubbing varies among species. The rat upper respiratory tract is extremely efficient with only

about 3% fractional penetration to the lower respiratory tract (Morgan et al., 1986a); however,

penetration to the lung appears to be higher in the rhesus monkey (see Figure A-12). Accordingly,
while frank effects were seen only in the upper respiratory tract in rodents, DPX lesions induced by
exposure to 6 ppm formaldehyde were also present in the major bronchiolar region of the rhesus
monkey (see Section 1) whose respiratory tract morphology is somewhat similar to the human (see
Figure A-10 and Figure A-11}. Another factor is that humans are oronasal breathers, with a

significant fraction of the population breathing normally through the mouth (Niinimaa et al., 1981),

while rats are obligate nose-only breathers. Oronasal breathing implies a much higher dose to the
lower respiratory tract, particularly at higher activity profiles [see Figure A-13 and Figure A-14 and
Niinimaa et al. {1981}]. For all these reasons, the cancer dose-response assessment based upon
nasal tumors observed in the F344 rat includes an additional exercise involving the human lung,
even though the lung is not identified as a target organ in the hazard assessment. The dose-
response section evaluates the extent to which human risk estimates increase when formaldehyde
dose to the lower human respiratory tract is also considered. The dosimetry modeling for this
purpose uses an idealized single-path model of the lower respiratory tract developed by Overton
et al. (2001) discussed later Appendix B.2.2.
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F344 Rat

J)
9 Rhesus Monkey
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Figure A-10. Reconstructed nasal passages of F344 rat, rhesus monkey, and
human.

Note: Nostril is to the right, and the nasopharynx is to the left. Right side shows the finite element mesh. Left-
hand side shows tracings of airways obtained from cross sections of fixed heads (F344 rat and rhesus monkey)
and magnetic resonance image sectional scans (humans). Aligned cross sections were connected to form a three-
dimensional reconstruction and finite-element computational mesh. Source: Adapted from Kimbell et al. (2001b).
Additional images provided courtesy of Dr. J.S. Kimbell, CHT Hamner Institutes.
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Figure A-11. lllustration of interspecies differences in airflow and verification
of CFD simulations with water-dye studies.

Note: Panels A and B show the simulated airflow pattern versus water-dye streams observed experimentally in
casts of the nasal passages of rats and monkeys, respectively. Panel C shows the simulated inspiration airflow
pattern, and the histogram depicts the simulated axial velocities (white bars) versus experimental measurements
made in hollow molds of the human nasal passages. Dye stream plots were compiled for the rat and monkey
over the physiological range of inspiration flow rates. Modeled flow rates in humans were 15 L/min.

Source: Adapted from Kimbell et al. {2001b).
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Figure A-12. Lateral view of nasal wall mass flux of inhaled formaldehyde
simulated in the F344 rat, rhesus monkey, and human.

Note: This is a rendering of a three-dimensional surface. Nostrils are to the right. Simulations were exercised in
each species at steady-state inspiration flow rates of 0.576 L/min in the rat, 4.8 L/min in the monkey, and
15 L/min in the human. Flux was contoured over the range from 0-2,000 pmol/{mmZ2-hour-ppm) in each species.

Source: Kimbell et al. (2001b).
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Figure A-13. Lateral view of nasal wall mass flux of inhaled formaldehyde
simulated at various inspiratory flow rates in a human model.

Note: This is a rendering of a three-dimensional surface, showing the right lateral view. Uptake is shown for the
nonsguamous portion of the epithelium. The front portion of the nose (vestibule) is lined with keratinized

squamous epithelium and is expected to absorb relatively much less formaldehyde.

Source: Kimbell et al. (2001a).

Modeling formaldehyde uptake in nasal passages

Anatomical reconstruction and tissue types: The dose-response modeling results evaluated
and used in this document are based on several published computational models for air flow and
formaldehyde uptake in the nasal passages of a F344 rats, rhesus monkey, and human, and in the
human lung (Kimbell et al., 2001b; Overton et al,, 2001; Kepler et al., 1998; Subramaniam et al.,

1998; Kimbell et al., 1993}. The anatomical reconstructions for both computational and physical

5This strain of the rat is considered anatomically representative of its species and widely used experimentally, most
notably in biocassays sponsored by the National Toxicology Program.

This document is a draft for review purposes only and does not constitute Agency policy.

A-65 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00081



W 0~ O U s W N

W W W W WwWWwWwWwWwwwNR NNNRNDNIR NDINDRDNNRN R 2 R 2 1 |
00 ~N O U1 B W KN = O WO N U B WNE O WO N U R WN = O

Supplemental Information for Formaldehyde—Inhalation

models were based on tracings of airways obtained from cross sections of fixed heads (F344 rat and
rhesus monkey} and magnetic resonance image sectional scans (human).

Formaldehyde-induced nasal SCCs in rats are observed to arise only from respiratory or
transitional epithelial cells in F344 rats and thought to be associated with the transformation of
1986a). Therefore, the dosimetry calculations in Kimbell et al. (2001b) focused on predicting the
wall mass flux of formaldehyde (rate at which mass of formaldehyde is transported to unit area of
the nasal or lung lining prior to disposition within the body—mass/[area-time]} to regions lined by
respiratory or transitional epithelium and excluding squamous epithelial cells. An additional
distinction was made regarding these regions. Formaldehyde hydrolyses in water and reacts
readily with a number of components of nasal mucus, and was therefore assumed to be absorbed at
a higher rate by epithelial lining coated with mucus. The approximate locations of mucus-coated
and nonmucus coated respiratory/transitional epithelial cells were mapped onto the reconstructed
nasal geometry of the computer models. Types of nasal epithelium overlaid onto the geometry of
the models were assumed to be similar in characteristics across all three species (rat, monkey, and
human) except for thickness, surface area, location, and the extent of the nasal surface not coated
by mucus. These characteristics were estimated from the literature or by direct measurements
{Conolly et al., 2000; CUT, 1999).

The fluid dynamics modeling in the respiratory tract comprises two steps: {1} model airflow

through the airway lumen (solution of Navier-Stokes equations} and (2} using these solutions of the
airflow field as input, model formaldehyde flux to the respiratory tract lining (solution of
convective-diffusion equations). The local formaldehyde flux at the airway-to-epithelial tissue
interface was assumed to be proportional to the air-phase formaldehyde concentration adjacent to
the nasal lining. The proportionality constant is the mass transfer coefficient for the tissue phase,
specified as boundary conditions on the solutions, and takes different values in the model
depending on whether the tissue is coated with a mucus layer (ky) or not (Kuxs). Epithelium not
coated with mucus was considered similar to epidermal tissue, and a value available from the
literature for such tissue was used for kam. On the other hand, Kimbell et al. determined ky,
empirically for the rat by fitting the overall nasal uptake predicted by the CFD model to the average
experimental values cbtained by Morgan et al. (1986a). The values of ky and kam depend only on
the solubility and diffusivity of the gas in the tissue, the thickness of tissue, and the reaction rate of

the gas (Hanna et al., 2001). Tissue thickness varies across species, but because formaldehyde is

highly reactive and soluble, the primary kinetic determinant of interspecies differences in the net
mass transfer rate is likely the difference in air-phase resistance and not tissue thickness.
Therefore, Kimbell et al. (2001b) assumed that values for the tissue phase mass transfer
coefficients were the same for the human. EPA judges this assumption to be reasonable. The air-
phase resistance (which is the inverse of the air-phase mass transfer coefficient) on the other hand

would vary substantially between the rat and human on account of the substantial interspecies
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variations in airway geometry and airflow discussed earlier. Details of the boundary conditions for
air flow and mass transfer, are provided in Kimbell et al. (2001h; 2001; 1993) and Subramaniam et
al. (1998).

For the rat, minute volumes were allometrically scaled to 0.288 L/minute for a 315 g rat

(Mauderly, 1986}, and simulations were carried out at the steady-state unidirectional inspiratory

rate of 0.576 L/min. For the human, simulations were carried out at the steady-state unidirectional
inspiratory rate of 15, 18, 50, and 100 L/min, corresponding to half of the values for the minute
volumes associated with the activity patterns of sleeping, sitting, and light and heavy exercise,

respectively (ICRP, 1994). Because formaldehyde is highly water soluble and reactive, Kimbell

{2001b} assumed that uptake occurred only during inspiration. Thus, for each breath, flux into
nasal passage walls (rate of mass transport in the direction perpendicular to the nasal wall per mm?2
of the wall surface} was assumed to be zero during exhalation, with no backpressure to uptake built
up in the tissues. Overton et al. (2001} estimated the error due to this assumption to be small,
roughly an underestimate of 3% in comparison to cyclic breathing. Inspiratory airflow was
assumed to be constant in time (steady state}. Subramaniam et al. {1998} considered this to be a
reasonable assumption during resting breathing conditions based on a value of 0.02 obtained for
the Strouhal number. Unsteady effects are insignificant when this number is much less than one.
However, this assumption may not be reasonable for light and heavy exercise breathing scenarios.
formaldehyde dose in dose-response modeling. Each of the resulting 20 “flux bins” was comprised
of elements of the nasal surface that receive a particular interval of formaldehyde flux per ppm of

exposure concentration (Kimbell et al., 2001b). These elements were not necessarily contiguous.

The spatial coordinates of elements comprising a particular flux bin were fixed for all exposure
concentrations, with formaldehyde flux (pmol/(mmz2-hour} in a bin scaling linearly with exposure
concentration (ppm), and therefore often expressed in terms of flux per ppm, that is,
pmol/{mm?2-hour-ppm].

Mass flux was estimated for the rat, monkey, and human over the entire nasal surface and
over the portion of the nasal surface that was lined by nonsquamous epithelium (lateral wall mass

flux shown in Figure 12}. Formaldehyde flux was also estimated for the rat and monkey over the

areas where cell proliferation measurements were made (Monticello et al., 1991; Monticello et al.,
1989) and over the anterior portion of the human nasal passages that is lined by nonsquamous
epithelium. Maximum flux estimates for the entire upper respiratory tract were located in the
mucus-coated squamous epithelium on the dorsal aspect of the dorsal medial meatus near the
boundary between nonmucus and mucus-coated squamous epithelium in the rat, at the anterior or
rostral margin of the middle turbinate in the monkey, and in the nonsquamous epithelium on the
proximal portion of the mid-septum near the boundary between squamous and nonsquamous

epithelium in the human (see see Kimbell et al., 20013, for tabulations of comparative estimates of

formaldehyvde flux across the species, for tabulations of comparative estimates of formaldehvde flux
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across the species). The rat-to-monkey ratio of the highest site-specific fluxes in the two species

was 0.98. In the rat, the incidence of formaldehyde-induced SCCs in chronically exposed animals
was high in the anterior lateral meatus [ALM, Monticello et al. {(1996}]. Flux (per ppm of inhaled
concentration) at this site in the rat was similar to that predicted near the anterior or proximal
aspect of the inferior turbinate and adjacent lateral walls and septum in the human, with a rat-to-

human ratio of 0.84.

Formaldehyde Uptake in The Lower Respiratory Tract

Unlike the nasal passages, the human lower respiratory tract lends itself to a more
simplified or idealized rendering. The one-dimensional (known as a “single-path” model) rendering
average or homogeneous sense for a given lung depth, is generally considered adequate unless the
fluid dynamics at locations of airway bifurcations need to be explicitly modeled. Such an
idealization of lung geometry has been successfully used in various models for the dosimetry of
ozone and particulate and fibrous matter.¢ The single-path model was used to calculate

formaldehyde uptake in the human lower respiratory tract (Qverton et al., 2001; CUT, 1999). These

authors applied a one-dimensional equation of mass transport to each generation of an adult
human symmetric, bifurcating Weibel-type respiratory tract anatomical model. In order to achieve
consistency with the inhaled output from the CFD model of the upper respiratory tract in
Subramaniam {1998}, Overton et al. (2001) augmented their model with an idealized upper
respiratory tract and constrained their one-dimensional version of the nasal passages to have the

same inspiratory air-flow rate and uptake during inspiration as the CFD simulations.

6Such idealized representations are likely to be inappropriate for considering susceptible individuals, such as those
with chronic obstructive pulmonary disease.
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Figure A-14. Single-path model simulations of surface flux per ppm of
formaldehyde exposure concentration in an adult male human.

Source: Overton et al. {2001).

The primary predictions of the model were: more than 95% of the inhaled formaldehyde is
retained; formaldehyde flux in the lower respiratory tract increases for several lung airway
generations relative to flux in posterior-most segment of the nose; with further increase in lung
depth, formaldehyde flux decreases rapidly resulting in almost zero flux to the alveolar sacs.
Overton et al. (2001} also modeled uptake at high inspiratory rates. At a minute volume of
50 L/minute? formaldehyde flux in the mouth cavity is comparable (but a bit less) to that occurring

in the nasal passages (see Figure A-14).8

7Note: the oronasal switch occurs at about 35 L/min (Niinimaa et al., 1981).

8Mouth breathers form a large segment of the population. Furthermore, at concentrations of formaldehyde where
either odor or sensory irritation becomes a significant factor, humans are likely to switch to mouth breathing even

at resting inspiration. Overton et al. (2001) did not model uptake in the oral cavity at minute volumes less than 50
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Level of confidence in formaldehyde uptake simulations

As mentioned earlier, the computational fluid dynamics simulations involved two steps, and

the confidence in each step is addressed separately below.

Confidence in predicted airflow profiles

To verify the CFD simulations of nasal airflow profiles, the authors constructed physical
models from the finite-element reconstructions used in the computational models. The simulated
streamlines of steady-state inspiration airflow predicted by the CFD model agreed reasonably well
with experimentally observed patterns of water-dye streams made in casts of the nasal passages for
the rat and monkey as shown in panels A and B in Figure A-11. The airflow velocity predicted by

CFD model simulations of the human also agreed well with measurements taken in hollow molds of

the human nasal passages (see panel C, Figure A-11} (Kepler et al., 1998; Subramaniam et al., 1998;

Kimbell et al,, 1997b; Kimbell et al., 1993). However, the accuracy and relevance of these

comparisons are limited. Because the airflow profiles were verified by only a simple video analysis
of dye streak lines observed in the physical molds this method can be considered reasonable for
only the major airflow streams. For the human, axial airflow velocities were also measured
experimentally in a physical cast, and these compared well with CFD simulations {(see panel C in
Figure A-11). However, the physical model used for the velocity measurements corresponds to that
of a different individual than the one for which the CFD simulations were carried out.

Another verification comes from measuring pressure gradients across the nasal cavity.
Plots of pressure drop versus volumetric airflow rate predicted by the CFD simulations compared

well with measurements made in rats in vivo (Gerde et al., 1991} and in acrylic casts of the rat nasal

airways {Cheng et al., 1990} as shown in Figure A-15. This latter comparison remains qualitative

due to differences among the simulation and experiments as to where the outlet pressure was
measured and because no tubing attachments or other experimental apparatus were included in
the simulation geometry. The simulated pressure drop values were somewhat lower, possibly due
to these differences.

Kimbell et al. (2001a) examined the extent to which their results were subject to errors in
mass balance and applied ad-hoc corrections to compensate for these errors. Because airflow and
uptake were simulated separately, they each contributed separately to the mass balance error;
however, the error component due to airflow was minimal (< 0.4%). The percent overall uptake of
formaldehyde was defined as 100% x (mass entering nostril - mass exiting outlet}/{mass entering

nostril}, and its mass balance error was calculated as 100% x {mass entering nostril -~ mass

L/min. However, since 0.55 of the inspired fraction is through the mouth for the normal nasal breathing population
(Niinimaa et al., 1981) at an inspiratory rate of 50 L/min, we can make an indirect inference from their result at
this heavy breathing rate that average flux across the human mouth lining would be comparable to the average flux

across the nasal lining computed in Kimbell et al. (2001b; 2001) for mouth breathing conditions at resting or light
exercise inspiratory rates.
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absorbed by airway walls ~ mass exiting outlet}/(mass entering nostril}. For the rat, monkey, and
human the mass balance errors associated with simulated formaldehyde uptake from air into tissue
were less than 14% at resting minute volumes, and therefore, not a major concern, but these errors
increased to 27% at the highest human inspiratory rate corresponding to exercise conditions.

nasal surface in their simulation results.
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Figure A-15. Pressure drop versus volumetric airflow rate predicted by the
CIIT CFD model compared with pressure drop measurements made in two
hollow molds (C1 and C2) of the rat nasal passage (Cheng et al., 1990) or in
rats in vivo (Gerde et al, 1991).

Source: Kimbell et al. (1997b).

Confidence in modeled flux estimates

Unlike the verification of the airflow simulations, it was not possible to evaluate the regional
formaldehyde flux calculations directly; however, there are several indirect qualitative and
quantitative lines of evidence that provide general confidence in the flux profiles predicted by
regions of the nasal lining. This evidence is listed below.

In Kimbell (2001Db), the tissue-phase mass-transfer boundary conditions were set by fitting
overall (whole nose} formaldehyde uptake at various exposure concentrations to the experimental

data in Morgan et al. (1986a). Since this was the only data set available, it was not possible to

independently verify the model results for overall uptake. However, results from earlier work by

Kimbell et al. (1893} are informative for this purpose because in this case the model was not
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calibrated by fitting model predictions to experimental data; instead, this model assumed an

infinite sink for absorption at the nasal lining on account of the highly reactive and soluble nature of
formaldehyde. Kimbell etal. (1893) predict 99% uptake of inhaled formaldehyde in the rat nose,
which is slightly above the upper end of the range of 91-98% observed by Morgan et al. (1986a).
The utility of those simulations is however limited because the posterior portion of the nose was
not included in the model, and the assumption of infinitely absorbing nasal walls makes the
boundary condition less realistic than that used in Kimbell et al. (2001b}. Calculations based upon
Kimbell et al. (1993) are compared with various experimental observations below.

Morgan et al. (1991) showed general qualitative correspondence between the main routes
of flow and lesion distribution induced by formaldehyde in the rat nose and hypothesized that the
localized nature of the lesions must be related to the regional uptake of formaldehyde. This was
flux and lesion distribution due to formaldehyde. These authors reported on correlations in
patterns in the coronal section immediately posterior to the vestibular region (as discussed earlier,
the vestibular region is protected by keratinized epithelium and is therefore not likely to
significantly absorb formaldehyde); simulated flux levels over regions where lesions were seen,
such as the medial aspect of the maxilloturbinate and the adjacent septum, were an order of
magnitude higher than over other regions where lesions were not seen, such as the nasoturbinate.®
indirectly by comparing experimental data on formaldehyde-DPX concentration in the F344 rat
with modeled results in Cohen Hubal et al. (1997); these authors used flux estimates generated by
the CFD model in Kimbell et al. (1993) in a physiologically based pharmacokinetic (PBPK) model for
formaldehyde-DPX concentration in the F344 rat. This hybrid CFD-PBPK model was calibrated by
optimizing model predictions of DPX concentrations against DPX collected over the entire nose in
separate experiments by Casanova etal. (1991; 1989) on F344 rat noses exposed to formaldehyde
at 0.3, 0.7, 2.0, 6.0, and 10 ppm. The nasal regions were then separated into two categories
depending upon whether tumor incidence was high or low in a region, and model predictions of
DPX concentrations were compared with the experimental data considered only from the high-
tumor region, including additional DPX data from the high-tumor region at 15-ppm exposure
concentration which had not been used in model calibration. The predictions are seen to compare
well with experimental values (see Figure A-16). Such a comparison is not available for the

simulation of uptake patterns in the human.

9This 1993 CFD model differed somewhat from the subsequent model by Kimbell et al. (2001b) used in this
assessment. In the 1993 model, the limiting mass-transfer resistance for the gas was assumed to be in the air
phase; that is, the concentration of formaldehyde was set to zero at the airway lining. Furthermore, this same
boundary condition was used on the nasal vestibule as well, while in the more recent model, the vestibule was
considered to be nonabsorbing. Unfortunately, Kimbell et al. (2001b) did not report on correspondences
between flux patterns and lesion distribution.
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Figure A-16. Formaldehyde-DPX dosimetry in the F344 rat.
Panel A: calibration of the PBPK model using data from high and low tumor incidence sites. Panel B: model
prediction compared against data from high tumor incidence site. Dashed line in panel A shows the extrapolation

outside the range of the calibrated data.

Source: Cohen Hubal et al. {1997).

Effect of reflex bradvpnea on dosimetry

A source of uncertainty in the modeled human flux estimates arises because the value of the
tissue-phase mass-transfer coefficient used as a boundary condition in human simulations is the
same as that obtained from calibration of the rat model. As explained earlier, qualitatively this
appears reasonable; however, EPA is unable to quantitatively evaluate the impact of this

uncertainty.
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The CFD simulations do not model reflex bradypnea, a protective reflex observed in
rodents. As discussed at length in Section A-3, it is reasonable to expect a range of 25% (Chang et

al., 1983} to 45% (Barrow et al., 1983} decrease in minute volume in F344 rats at the exposure

concentration of 15 ppm. Explicit omission of this effect in the modeling is, however, not likely to
be a source of major uncertainty in the modeled results for uptake of formaldehyde in the rat nose
for the following reason: the CFD model for the F344 rat was calibrated to fit the overall
experimental result for formaldehyde uptake in the F344 rat at 15 ppm exposure concentration by
adjusting the mass transfer coefficient used as boundary condition on the absorbing portion of the
nasal lining. Thus, any reflex bradypnea occurring in those experimental animals is implicitly
factored into the value used for the boundary condition. Nonetheless, some error in the localized

distribution of uptake patterns may be expected, even if the overall uptake is reproduced correctly.

Modeling Interindividual Variability in the Nasal Dosimetry of Reactive and Soluble Gases

Garcia et al. (2009) used computational fluid dynamics to study human variability in the
nasal dosimetry of reactive, water-soluble gases in 5 adults and 2 children, aged 7 and 8 years. The
authors considered two model categories of gases, corresponding to maximal and moderate
absorption at the nasal lining. We focus here only on the “maximal uptake” simulations in Garcia et
but rather characterizes the gas category. In this case, the gas was considered so highly reactive
and soluble that it was reasonable to assume an infinitely fast reaction of the absorbed gas with
compounds in the airway lining. Although such a gas could be reasonably considered as a proxy for
formaldehyde, these results cannot be fully utilized to inform quantitative estimates of
formaldehyde dosimetry (and does not appear to have been the intent of the authors either}. This
is because the same boundary condition corresponding to maximal uptake was applied on the
vestibular lining of the nose as well as on the respiratory and transitional epithelial lining on the
rest of the nose. This is not appropriate for formaldehyde as the lining on the nasal vestibule is
made of keratinized epithelium which is considerably less absorbing than the rest of the nose
(Kimbell et al., 2001a).

Garcia et al. (2009) concluded that overall uptake efficiency, and average and maximum flux

levels over the entire nasal lining did not vary substantially between adults (1.6-fold difference in
average flux and much less in maximum flux}, and the mean values of these quantities were
comparable between adults and children. These results are also in agreement with conclusions
reached by Ginsberg et al. (2005) that overall extrathoracic absorption of highly and moderately
reactive and soluble gases [corresponding to Category 1 and 2 reactive gases as per the scheme in
U.S. EPA (1994)] is similar in adults and children. On the other hand Garcia et al. (2009) state that
their models predicted significant interhuman variability in flux levels at specific points on the
nasal wall; Figure 6A of their paper (reproduced here as Figure A-17} indicates a 3- to 5-fold
difference among the individuals in the study when flux was plotted as a function of distance from

the nostrils normalized by the length of the septum. This observation needs to be accompanied by
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a caveat: because similar fluxes may correspond to different regions in individuals, it is possible

that this spread in values overestimates the actual variability in local flux in these individuals.

i uploks
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Figure A-17. Flux of highly reactive gas across nasal lining as a function of
normalized distance from nostril for 5 adults and 2 children.

While the sample size in this study is too small to consider the results representative of the
population as a whole, various comparisons with the characteristics of other study populations add
to the strength of this study; for example, the surface area to volume ratio among the five adults
ranged from 0.87 to 1.12 mm-! which compared well with a result of 1.05 £ 0.23 obtained from
measurements in 40 adult Caucasians (Yokley, 2009}, and the surface area ranged from 16,683 to
23,219 cm? which compared well with a result of 18,300 + 2,200 cm? obtained from measurements

in 45 adults (Guilmette et al,, 1997). Itis useful to note here that the nasal anatomy reconstructed

discussed earlier was that of one of the individuals in the Garcia et al. {2009]) study.

Models Estimating the Effects of Endogenous Formaldehyde on Dosimetry Predictions in Nasal
Tissues

Schroeter et al. (2014) developed a hybrid toxicokinetic fluid dynamic model for predicting
the uptake of inhaled formaldehyde that incorporates the production of endogenous formaldehyde
in nasal tissue, and estimated a net decrease in uptake of inhaled formaldehyde at the lowest
exposure concentrations based on modeling assumptions regarding the intracellular concentration
of endogenous formaldehyde. More specifically, due to endogenous formaldehyde production, the
model of Schroeter et al. (2014} predicts a net desorption of formaldehyde at zero exposure and
that an external exposure between 1.23 pg/m? and 12.3 pug/m3 (0.001 and 0.01 ppm} is required

before there is sufficient air concentration to cause a net uptake of formaldehyde. However, any
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external exposure is predicted to cause some, albeit very small, increase in the tissue concentration,
since a nonzero air concentration reduces the net efflux of endogenous formaldehyde. While the
analysis of Schroeter et al. {2014} represents an important first step towards incorporating the
presence of endogenous formaldehyde into models estimating the flux (or uptake) of inhaled

formaldehyde, several uncertainties in the underlying assumptions have yet to be addressed:

¢ Endogenous formaldehyde levels were calculated based on blood concentrations. But Heck
et al. (1982) measured 12.6 ug/g total formaldehyde in rat nasal tissues and only 2.24 ug/g
in rat blood (Heck et al., 1985).

e Based on DNA-adduct measurements, it appears that the majority of formaldehyde is bound
to GSH in a manner that reduces its interaction with DNA and, presumably, other key
macromolecules (see Section A.1.1.3.3.3). The extent of GSH-binding could significantly
reduce diffusion across the epithelial cell membrane (i.e, between blood and nasal tissue),
in which case blood concentrations may not correlate well with tissue concentrations.

e Since nasal tissue levels of formaldehyde are higher than blood levels, it is likely that these
levels are produced by endogenous metabolism in situ, rather than entering the mucosa via
diffusion from a “blood” layer at a specific depth from the mucosa-air surface, the latter
being the assumption used by Schroeter et al. (2014).

to be orders of magnitude in excess of the levels that would be consistent with the observed
DPX levels (Heck et al., 1983) and formaldehyde-DNA binding rate (Heck and Keller, 1988).

¢ While Schroeter et al. (2014) did not report exhaled breath levels, their results indicate that
uptake will exactly balance desorption in humans at about 1.23 pg/m3 (0.001 ppm or
1 ppb}, from which one might assume this is the level their model would predict in exhaled
breath. In the study of Riess et al. (2010), exhaled breath levels for nonsmokers were found
to be below a detection limit of 0.62 pg/ms3, which corresponds to 0.5 ppb at 20°C. While
this is within a factor of two, an acceptable level of error for such an extrapolation, itis a
further indication that the assumed level of free endogenous formaldehyde in the Schroeter
etal. (2014) model is too high.

Despite these limitations, the efforts by Schroeter et al. (2014} highlight the fact thatat
sufficiently low levels of exogenous formaldehyde, the contribution of endogenous formaldehyde
could become significant; accounting for this contribution would address a critical uncertainty for
interpreting the uptake of inhaled formaldehyde. Additional studies addressing the potential
contribution of endogenous formaldehyde are warranted. As discussed in the Toxicological Review
{see Section 2.2.1}, the unit risk estimate for nasal cancers based on rat studies are not appreciably
altered if calculated using the revised formaldehyde estimates from Schroeter et al. (2014).

Campbell et al. (2020) modified the original model by Andersen etal. (2010} using
exogenous and endogenous formaldehyde adduct data from Leng et al. (2019} (28-day study of 6
hrs/day exposures), Yu et al. (2015b} (28-day study of 6 hrs/day exposures}, and Lu et al. (2011;
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a} The model simulates observed data for formaldehyde-induced DNA mono-adducts (N2-
hydroxymethyl-dG). The previous models simulated formaldehyde-induced DNA-protein
cross-links (DPX].

b} A zero-order term (VMMUC) was used to account for tissue clearance of inhaled
formaldehyde. This is a restriction on uptake from the air phase to the tissue compartment.

¢} The rate of production of endogenous formaldehyde (Kp} was increased to nearly double
the original rate set by Andersen et al. (2010). The maximum rate of formaldehyde oxidase

metabolism (Vmax) was increased by over a factor of 10.

There are some notable observations from the data used in the modeling. Lengetal. (2019)
showed no exogenous formaldehyde-induced DNA adducts in the nose at concentrations up to 0.3
ppm and no increase in endogenous formaldehyde-induced DNA adducts up to 0.3 ppm. Luetal.
at 0.7 ppm but no increase in endogenous adducts between 0.7 ppm-15 ppm (although there does
appear to be a perturbation in the mean and variance of endogenous adducts in this range}. The
data at and above 0.7 ppm was used to re-optimize the cellular metabolic parameters. The data up
to 0.3 ppm by Leng et al. (2019) (which did not observe increased adducts} was used to visually
optimize the parameter defining the lower limit on uptake (VMMUC). Because of the abrupt change
in observed adduct levels between 0.3 ppm and 0.7 ppm there is model uncertainty within that
concentration range and below the limit of detection.

Key results from this work add to our characterization of uncertainties related to
endogenous formaldehyde levels and formaldehyde dose-response at low exposures. First, the
model estimated a non-zero value for VMMUC, indicating that the inhalation rate must exceed the
tissue clearance rate for formaldehyde to be absorbed by the tissue. The model was calibrated with
the restriction that formaldehyde absorption in the nose occurs only at exposure concentrations
above 0.3 ppm in the rat. Secondly, Campbell et al. (2020) assessed steady-state concentration of
free endogenous formaldehyde to be 20 times lower than the value determined experimentally by
Heck etal. (1982) and 15 times lower than assessed by Andersen et al. (2010). In Campbell et al.
{(2020), the estimate for free endogenous levels decreased from 0.31 mM to 0.020 mM and the basal
concentration of endogenous formaldehyde bound to sulthydryl increased from 0.057 to 0.12mM (2
times higher). Campbell et al. (2020} attributed this discrepancy to the potential for the Heck et al.
{1982) measurement methodology to overestimate tissue formaldehyde levels.

The original model (Andersen et al.,, 2010} did not adequately fit these new data, and

metabolism on the grounds that data from Heck et al. {1982} are biased due to the method used to
measure tissue formaldehyde. However, it is possible that the cause of this model/data discrepancy
is inadequate model structure rather than a bias in the original data. As aresult, there is inherent

model uncertainty in the revised model for cellular metabolism.
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Extrapolation of results in Campbell et al. (2020) to humans is not possible because the data

and the model are specific to rats.

A.3. REFLEX BRADYPNEA

Reflex bradypnea (RB]) is a protective reflex that allows laboratory rodents to minimize
their exposure to upper respiratory tract (URT) irritants such as aldehydes, ammonia, isocyanates,

and pyrethroids (Gordon et al., 2008). This reflex is initiated by stimulation of trigeminal nerve

endings in the mucosa of the URT and the eyes. Itis associated with the chemosensitive part of the
nociceptive system-—the common chemical sense that detects noxious airborne exposures (Nielsen
1991).

The signs of reflex bradypnea: RB is manifest by immediate decreases in the metabolic

rate, CO; production, and demand for oxygen. This is followed by rapid decreases in body
temperature (i.e., hypothermia; as much as 11°C in rats and 14°C in mice; Figure A-18), activity,
heart rate, blood pressure, respiratory rate (breaths/minute; Figure A-19), and minute volume (see
Figure A-20). RB also results in decreased blood pO; and pCO; and increased blood pH (see Figure
A-21) (Pauluhn, 2018: OECD, 2009; Gordon et al., 2008; Pauluhn, 2008; Chang and Barrow,

1984; Jaeger and Gearhart, 1982). Thus, the physiological effects and signs of RB may be

misinterpreted as, for example, chemical-induced behavioral or developmental effects.

RB is regulated by a complex feedback response (Yokley, 2012). Gordon etal. (2008)
demonstrated that the extent of RB depends on the concentration of the irritant (see Figure A-18).
For example, after several hours of exposure to an isocyanate, mice exhibited concentration-
dependent changes with those in the high concentration group presenting a mean body

temperature of 23°C and approximately 90% decreases in respiratory rate and minute volume.

asuiratony Rats

x Rectyl Tmparatuns

Figure A-18. Signs of Reflex Bradypnea. Left Panel: Concentration-related
hypothermia in mice exposed to an isocyanate for 360 minutes. Note the gradual
recovery in body temperature after exposure ceased. Right panel: Concentration-
related decreases in respiratory rate in mice exposed to an isocyanate. Note the
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correlation between the curves for rectal temperature and respiratory rate over the
course of 180 minutes.

Source: Gordon et al. (2008).
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Figure A-19. An oscillograph that compares the respiratory cycle for mice
exposed to an URT irritant (lower tracing) to an air control group (upper
tracing). The exposed animals have a characteristic pause before exhaling—a
bradypneic period—which results in a net decrease in the respiratory rate
(breaths/minute). Because the exposed group has a slightly greater tidal volume
(height of the tracings} but a much lower respiratory rate, the net result is a lower
minute volume and reduced exposure to the irritant.

Source: Kane and Alarie (1977).
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Figure A-20. Formaldehyde effects on minute volume in naive and
formaldehyde-pretreated male B6C3F1 mice and F344 rats. Pretreated animals
were exposed to 6.9 or 17.6 mg/m3 formaldehyde 6 hrs/d for 4 d. Note that the
mice had a greater response than the rats, and the pretreated animals had a greater
response than the naive animals.
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Source: Redrawn from Chang et al. {1983).

Figure A-20 demonstrates that the onset of RB after formaldehyde inhalation is immediate,
with a marked decrease in minute volume in mice and rats minutes after exposure begins. Because
reduced respiration lessens exposure to an irritating chemical, the toxicity is reduced and the
animal’s survival is enhanced. This is important for the survival of rodents living in burrows and
confined spaces that may not be able to avoid exposure. Figure A-18 (left panel} demonstrates that
the effects of RB are reversible, but it can take several minutes to several hours for all physiological
parameters to return to preexposure conditions, depending on the extent of hypothermia (Pauluhn
2018; OECD, 2009; Pauluhn, 2008; Barrow et al,, 1983; Jaeger and Gearhart, 1982).

The physiological signs of RB in rodents can be striking, but they are not signs of toxicity

and, as such, are not considered appropriate for defining an animal POD. Also, the signs of RB are
not relevant to humans since humans cannot experience RB. RB can only occur in small animals
such as mice and rats that can, because of their small size, rapidly lower their core body
temperatures when their metabolic rate reflexively decreases. Even a mild decrease in body
temperature can lessen the toxicity and metabolic activation of many chemicals, but it can also slow
the excretion of toxicants. Overall, the protection from cellular toxicity afforded by RB-induced

hypothermia cutweighs the undesirable effect of a slower excretion rate (Gordon et al., 2008).

Even though RB has been reported in the literature since the 1960s, it is largely unknown to most
toxicologists. None of the rodent inhalation studies of formaldehyde, except for a few RB-specific
studies, attempted to identify or measure RB, including measures of body temperature and
respiration. As RB likely occurred in most, if not all, rodent inhalation toxicity studies involving
high level exposures to formaldehyde, this uncertainty is acknowledged and discussed in the
assessment, and for particular health outcomes it is specifically considered during study evaluation
(e.g., see description below regarding behavioral effects, since RB can affect activity).

Irritation, reflex bradypneaq, and the RDsg: A test for assessing sensory irritation was
developed by Yves Alarie in the 1960s. In an Alarie test, rodent respiration is measured before,
during, and after exposure to one or more concentrations of an irritant, and then respiratory
depression (RD) is statistically quantified. RD is followed by a subscript that gives the percentage
of respiratory depression (e.g., RDo, RD2g, RDsg, RD7g, etc.}) The most commonly reported value in
Alarie tests is the RDso—the concentration of an irritating chemical that causes a 50% depression in

the respiratory rate (Kane et al,, 1979).

“Irritation” refers to two distinct processes. The first process is sensory irritation of nerve
endings. URT irritation of the trigeminal nerve, which humans perceive as a burning or stinging
sensation, is what triggers RB in rodents. The second process relates to an inflammatory response
elicited by an irritating chemical, which is manifested by histopathologic changes such as local
redness, edema, pruritus, and cellular alterations. Sensory irritation may prevent histopathologic
damage through avoidance or through RB in rodents. Bos et al. (2002) found no correlation

between chemical concentrations that cause sensory irritation (as measured by the Alarie test) and
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concentrations that induce histopathological changes. For a variety of irritants, the lowest
concentration that induces nasal histopathologic lesions can range from 0.3 times RDs¢ to more
than 3 times RDsq.

Alarie tests are useful for (1) identifying chemicals which are URT sensory irritants, (2)
quantifying irritating concentrations, and (3) ranking chemicals for their irritancy potential. Alarie
{1981) proposed using 0.03 times RDsg values to predict threshold limit values (TLVs: typically
used to define workplace exposures that can be repeatedly encountered without adverse effects)
for a variety of irritants. More recently, Nielsen et al. (2007) proposed the use of animal RDsg and
RDg values along with human data in a weight-of-evidence approach to predict acute or short-term
TLVs, the RD¢ being a threshold or NOEL for decreased respiratory rate.

Tables A-16 and A-17 present formaldehyde RD values from several Alarie studies for mice
and rats, respectively.1® No RD values exist for female mice or rats. Across the literature, there is

fairly good agreement on RDsg values for various strains of mice:

Table A-16. Formaldehyde respiratory depression (RD) values for several
mouse strains and exposure durations

Exposure RDso RDyg RDo
Study Mouse strain {min) {mg/m?3) | (mg/m3) | (mg/m3)
Kane and Alarie (1977) g Swiss-Webster 10 3.8 0.5° 0.31°
Nielsen et al. {1999) J BALB/c 10 4.9 0.4
Barrow et al. (1983) J B6C3F1 10 5.4 0.9* 0.49*
Chang et al. (1981) d B6C3F1 10 6.0 - -
de Ceaurriz et al. {1981) | & Swiss OF; 5 6.5 - -

Value derived from a graph.

Figure A-20 shows that rats are less responsive to URT irritants than mice, which is why

rats have higher RDso values than mice:

Table A-17. Formaldehyde respiratory depression (RD) values for several rat
strains and exposure durations.

Exposure RDsg RDyo RDg
Study Rat strain {min) {mg/m3 | (mg/m3 | (mg/m?)
Cassee et al. {1996a) g Wistar 30 12.3 - -

several studies cited in Tables A-16 and A-17 tested formalin, which means the animals were co-exposed to
formaldehyde and methanol. Considering that methanol’s mouse RDso of 54,963 mg/m? (41,514 ppm) is 10,000
times greater than formaldehyde’s mouse RDso, methanol was likely to have a negligible impact on the
formaldehyde RD values (Nielsen et al., 2007).
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Exposure RDsg RDyo RDg
Study Rat strain {min) {mg/m3) | {mg/m3) | (mg/m?3)
Barrow et al. {1983) d F-344 10 16.1 1.28 -
Gardner et al, {1985) g Crl-CD 15 17.0 - -
Chang et al. {1981} d F-344 10 39.0 - -

#Value derived from a graph.

Tolerance: Nearly all rodent studies that assessed RB are acute Alarie tests lasting no more
than a few minutes or hours. There are no long-term studies that investigated whether-or-when
rodents develop a tolerance to formaldehyde or other irritants and eventually begin to breathe
normally. Mouse studies are a particular concern because mice have a greater RB response than
rats and are able to sustain bradypnea and hypothermia for a longer period than rats. The bulleted
short-term (4 days to 4 weeks) studies below examined the potential for rodents to develop
tolerance to formaldehyde and cyfluthrin. The formaldehyde studies show no sign of tolerance
over 10 days of exposure at concentrations as high as 18 mg/m3, but what happens after 10 days
remains unknown.

e Kane and Alarie (1977) observed a progressive decrease in respiratory rate (i.e, a
progressively greater RB response} over 4 days of formaldehyde exposure in Swiss-
Webster mice exposed to an RDsp of 3.8 mg/m?3. A similar lack of tolerance was also seen in
mice exposed to acrolein (an aldehyde} at an RDso of 3.9 mg/m3.

concentrations used in the Battelle carcinogenicity study) 6 hours/day for 4 days. On day 4,
both mice and rats showed concentration-related decreases in respiratory rate and minute
volume, but the decreases in mice were markedly greater (see Figure A-20].

¢ Chang and Barrow (1984} observed no tolerance in F-344 rats exposed to 18 mg/m3
formaldehyde for 10 days. Tolerance was observed in rats exposed over 4 days to a very
high formaldehyde concentration of 34 mg/ms3, likely due to destruction or downregulation
of sensory trigeminal nerve endings or receptors, respectively.

¢« Pauluhn (1998) exposed Wistar rats 6 hours/day, 5 days/week for 4 weeks to cyfluthrin, a
pyrethroid URT irritant, at the acute RDso concentration of 47 mg/m3. Mean decreases in
respiratory rate were 45% at week 2 and 55% at week 4, that is, there was no sign of
tolerance. Since formaldehyde and cyfluthrin are both URT irritants, it is likely that similar
results might be seen with formaldehyde.

Reflex bradypnea and interpreting health effects data: Current testing guidelines do not
require examination of RB-related endpoints and reduced inhaled rodent exposure may complicate
interpretations regarding inferences of potential human risk. For example, Battelle’s
carcinogenicity study illustrates an apparent role of RB in long-term studies. The study authors
observed a disparity in formaldehyde-induced squamous metaplasia and inflammation between

B6C3F1 mice and F-344 rats. Both species were identically exposed in whole-body chambers at
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analytical concentrations of 0, 2.5, 6.9, or 17.6 mg/ms3. At comparable concentrations, nasal lesions
were much less severe in mice than in rats. In fact, incidences of squamous cell carcinoma were
similar in rats exposed at 6.9 mg/ms3 and in mice exposed at 17.6 mg/m3—a difference in

concentration of more than 2-fold (Kerns et al,, 1983). Kerns et al. reasoned this 2-fold difference

between mice and rats may be due to “their physiological responses to formaldehyde inhalation,”
thatis, due to RB. To support their hypothesis, they cited a 4-day Alarie test by Chang et al. (1983,

described in the bullet above, described in the bullet above) in which the reduction in minute

volume was 2-fold greater in mice than in rats when exposed at 17.6 mg/m? (see Figure A-20). In
other words, the rats exposed at 6.9 mg/m? and the mice exposed at 17.6 mg/m3 may have had
similar lesion incidences because they were exposed to approximately the same inhaled “dose” of
formaldehyde due to RB.

half as much formaldehyde as rats at 17.6 mg/m?3 due to RB, is logical and compelling, but there are
no long-term RB data to support it at this time. Thus, although it might be considered appropriate
to adjust a rodent POD to account for potential decreases in respiration (thus inferring that use of
the exposure levels and corresponding results of that study may not be health protective for
humans}, this approach was not applied in this assessment. Overall, the lack of a long-term study to
determine whether-or when rodents eventually develop tolerance to formaldehyde or any other
URT irritant represents a significant data gap.

The potential impact of reflex bradypnea on behavioral studies: The normal
physiological effects of RB can complicate the interpretation of behavioral studies in rodents.
Hypothermia causes reduced peripheral nerve conduction velocity due to an apparent reduced flux
of potassium and chloride ions across axon membranes. Hypothermia also causes prolonged
synaptic delay time at neuromuscular junctions. A progressive decrease in body temperature
results in ataxia, loss of fine motor control and reflexes, a reduction in cerebral blood flow and brain

function, and eventually a loss of consciousness (QECD, 2009; Mallet, 2002). Thus, what appear to

be chemically induced behavioral effects may actually be partly attributable to RB-induced
hypothermia. Thus, the irritant effects were considered during evaluations of behavioral studies
(see Section A.5.7}, including a preference for studies that allowed for a recovery time of at least
2 hours after exposure before testing, given the recovery parameters discussed above.

The impact of reflex bradypnea on developmental toxicity studies: Pregnant dams are
protected by RB, but their fetuses are not. Fetuses can experience developmental delays or defects
due to impaired placental transfer of O, (hypoxia} and CO; (hypercapnia}, fetal hypothermia, and
malnutrition. Fetuses are more sensitive to the effects of hypothermia as compared to adults
(OECD, 2009).

When dams experience RB, their fetuses may experience hypoxia due to (1) reduced

maternal respiration and (2} a left shift in maternal oxyhemoglobin affinity caused by an increase in

blood pH (respiratory alkalosis}. Normal oxygen exchange to the fetus requires a gradient between
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maternal and fetal oxyhemoglobin affinities. When pregnant dams experience RB, their blood pH
becomes more alkaline, resulting in a left shift in maternal oxyhemoglobin affinity. A maternal left
shift results in the affinities of maternal and fetal oxyhemoglobin being indistinguishable, which
impairs oxygen exchange to the fetus (hypoxia) and removal of CO, (hypercapnia). Rossant and

Cross (Rossant and Cross, 2001) describe hypoxia as a normal regulator of placental development

in both humans and mice.

When Holzum et al. (199411) exposed pregnant rats to cyfluthrin, they observed
concentration-related decreases in fetal weights (see Figure A-21}; Holzum et al. also observed
concentration-related decreases in placental weights. Clearly, further studies on the impact of
formaldehyde and other URT irritants on the placenta and fetus are needed, but the results of
Holzum et al. show how RB has the potential to delay fetal growth. It should be noted that
reductions in maternal feeding and metabolism during periods of RB can result in reduced fetal
glucose levels. Itis also important to emphasize that RB-induced developmental effects caused by

fetal hypoxia, hypercapnia, hypothermia, and malnutrition are not relevant to humans.

Relative weight of placentas and fetuses

B Placents

[%% of air contml]

ihetus

vehi g.46 2.55 11.9 12.8+02

Concentration [mg Cyfluthrin/m®

Figure A-21. The impact of Reflex Bradypnea on fetal development. This graph
shows concentration-related decreases in placental and fetal weights in pregnant
dams exposed to cyfluthrin, a pyrethroid insecticide. Note that the decrements in
fetal and placental weights were lessened in the 12.8 mg/m?3 group when the dams
were provided with oxygen-rich air (39% 0;).

Source: Holzum et al. (1994). Graph generated by Jlirgen Pauluhn (Bayer Healthcare AG, Germany).

Summary: Reflex bradypnea (RB} is a protective response observed in rodents exposed to
formaldehyde and other upper respiratory tract irritants. The most notable signs of RB are

concentration-related decreases in body temperature, respiratory rate (breaths/minute}, and

Unhttps://www3.epa.gov/pesticides/chem search/cleared reviews/csr PC-128831 13-Feb-01 b.pdf
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minute volume. Even though the effects of RB can be striking, they are not relevant to humans. Itis
likely that RB occurred in most, if not all, rodent inhalation toxicity studies testing high levels of
formaldehyde exposure, but the extent of RB in these studies cannot be ascertained since it was not
measured. In comparative studies, mice exhibit RB at a lower formaldehyde concentration than
rats and had a more pronounced and more sustained RB response than rats.

Because rodents experiencing RB have reduced minute volumes, they inhale less
formaldehyde and thus are expected to experience less toxicity than if they were breathing
normally. Several studies demonstrate that mice and rats do not develop tolerance to
formaldehyde over as much as 10 days of exposure; however, there are no long-term studies that
show whether-or-when rodents eventually develop a tolerance to formaldehyde. This is a
significant data gap. Thus, while RB is considered during study evaluation and during evidence
synthesis and integration, adjustments are not applied to account for the potential impact of RB on

long-term rodent health endpoints considered for use in dose-response analysis.

A.4. GENOTOXICITY

The evaluations of genotoxic effects of formaldehyde exposure included primary sources
from peer-reviewed literature and secondary sources of peer-reviewed reports by other federal
agencies and non-federal institutions (see Section A.4.7}, although a systematic literature search
was not conducted. In general, the following criteria were considered for making judgments about
evidence for the genotoxic and/or mutagenic potential of formaldehyde. These include but are not
limited to: (a) nature and type of tests, (b} degree of response, (¢} number and performance of test
strains, (d) dose/concentration levels, (e} biological significance, (f} strength of evidence
{conflicting evidence in the same assay system for the same end point), and (g} evaluation of the
study results across the same end points. Studies of genotoxicity in exposed humans were
consistently evaluated using a structured set of criteria (see Section A.4.7).

The terms genotoxicity and mutagenicity differ depending on the effect seen on DNA.
Genotoxicity refers to potentially harmful effects caused either directly or indirectly to the genetic
material by chemical or physical agents, and these effects are not necessarily persistent and
transmissible and may or may not be associated with mutagenicity. Mutagenicity refers to the
induction of permanent, transmissible changes in the amount, chemical properties, or structure of
the genetic material. Mutations may involve a single gene or gene segment, a block of genes, parts
of chromosomes, or whole chromosomes and result in either structural and/or numeric changes.
Since mutagenicity is considered a subset of gentoxic effects, the term “genotoxic effects” will be
generally used through out the rest of the document unless the assay determines specific
mutations.

A variety of genotoxic effects have been demonstrated in both in vitro and in vivo test
systems as a result of exposure to formaldehyde (a Summary Table by Genotoxic Endpoint is

presented in Section A.4.7). Note that no single genotoxicity or mutagenicity test/system or study
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is able to detect the entire spectrum of formaldehyde-induced genotoxic events. Therefore,
genotoxic endpoints are briefly discussed for cell free systems, prokaryotic organisms,
nonmammalian organisms, in vitro mammalian systems, in vivo experimental animals, and humans
[reviewed in (NTP, 2010; ATSDR, 2008; IARC, 2006; Liteplo and Meek, 2003; Conaway et al,, 1996;
1ARC, 1995; Ma and Harris, 1988; Auerbach et al,, 1977). In addition, the overall weight of evidence
for formaldehyde-induced mutations is considered in the context of the current EPA cancer
guidelines (U.S. EPA, 2005). Note that all studies from the available database have been depicted in
several of the following tables, but only the studies most relevant to this discussion are briefly

described in the text.

A.4.1. Genotoxicity of Formaldehyde in Cell-Free Systems
Formaldehyde or formalini? has been shown to form both hydroxymethyl DNA (hmDNA)

adducts and DNA-protein crosslinks (DPX) following treatment of various cell-free systems with
formaldehyde or formalin (see Table A-18). The formation of DNA-DNA crosslinks were observed
in calf thymus DNA (Chaw et al., 1980} and duplex DNA (Huang and Hopkins, 1993; Huang et al.,
1992). Furthermore, DNA-protein crosslinks were seen in plasmid DNA, calf thymus histones, and
other acelluar systems (Lu et al, 2010b; Lu, 2009; Lu et al., 2008; Kuvkendall and Bogdanffy, 1992).

The formation of hmDNA adducts was cbserved following in vitro reaction of formalin in solution

with free DNA ribonucleoside (Kennedy et al., 1996}, deoxyribonucleosides and nucleotides (Cheng
etal., 2008; Chengetal., 2003; Mcghee and von Hippel, 19753, b}, calf thymus DNA (Fennell, 1994;
Beland et al., 1984; Von Hippel and Wong, 1971}, human placental DNA (Zhong and Hee, 2004), and
isolated rat liver nuclei (Fennell, 1994; Heck and Casanova, 1987). Cheng etal. {2008} also

reported that nitrosamines which form formaldehyde during their metabolism via formation of a-

esters can react in vitro with deoxyribonucleosides or calf thymus DNA and form the hmDNA
adducts. Studies have shown that Ns-hydroxymethyl-deoxyadenosine (Ne-hmdAdo} was the
predominant adduct formed followed by N2-hydroxymethyl-deoxyguanosine (N2-hmdGuo) and N4-
hydroxymethyl-deoxycytidine (N+-hmdCyd) when formaldehyde was reacted with calf thymus DNA
{Cheng et al.,, 2008; Beland et al., 1984} or human placental DNA (Zhong and Hee, 2004).

Table A-18. Summary of genotoxicity of formaldehyde in cell-free systems

Test system Dose and Agent?® Results® | Duration; Method Reference

DNA-DNA crosslinks

Chaw et al.

(1980)

Calf thymus DNA 0.17 mM 37% HCHO + 40 d; RP-HPLC

12studies that used formalin often contained 10-15% methanol as a stabilizing agent. Although formaldehyde is a
metabolic product of methanol, it is not genotoxic in in vitro reactions.
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Test system

Dose and Agent?®

Results®

Duration; Method

Reference

Duplex DNA

25 mM HCHO

9 d; DPAGE

Huang et al.
{1992}

Duplex DNA

25 mM HCHO

9 d; DPAGE

Huang and
Hopkins {1993}

DNA-protein crosslinks

Lysine or Cysteine and dG

50 mM 20% HCHO in H,0

48 hrs; RP-HPLC/LC_MS

Lu et al. (2010a)

Histone 4

50 mM 20% HCHO in H,0

10 min; LC-MS

Lu et al, {2008)

Plasmid DNA, calf thymus

0.0015 mM HCHO

1 hr; filter binding assay

Kuvkendall and

histones Bogdanffy {1992)
Calf thymus DNA 0.5 mM HCHO + 4 hrs; ESI-MS/MS Lu 520091
DNA adducts
Guanosine 2,400 mM 37% HCHO + 48 hrs Kennedy et al.
’ ’ (1996)
D i 2,300 mM f l 20h Cheng et al.
eoxyguanosine , mM formalin© + rs
{2003)
) Cheng et al.
Guanosine 0.001 mM HCHO + 90 hrs 5003
) ) ) Mecghee and von
DNA nucleosides/ nucleotides | 50 mM formalin + 72-120 hrs -
Hippel (19753
) ) ) Mcghee and von
DNA nucleosides/ nucleotides | 300 mM formalin + 72-120 hrs X
Hippel (19753
) Cheng et al,
Calf thymus DNA 0.001 mM formalin + 90 hrs 2003
) Beland et al.
Calf thymus DNA 0.167 mM formalin + 48 hrs “{géz“""""“
Calf thymus DNA 0.4 mM formalin + 4 hrs Fennell (1994)
Von Hippel and
Calf thymus DNA 200 mM formalin + 20 hrs W plt.;_fl
ong ! !
Calf thymus DNA or 50 mM a-acetates of NDMA,; . 1 0r 90 hrs Cheng et al.
deoxyribonucleosides NNK and NNALd !20082
) Zhong and Hee
Human placental DNA 3.34 mM formalin + 20 hrs 2004
14 3 Heck and
Rat - Hepatic nuclei 0.1 mM HCHO (*C and °H) + 0.5 hr T

aqueous solution

Casanova (1987)
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Test system Dose and Agent?® Results® | Duration; Method Reference
Rat - Hepatic nuclei 0.4 mM #C-HCHO + 4 hrs Fennell {1994)

#lowest effective concentration for positive results; highest concentration tested for negative or equivocal results.

b+ = positive, all experiments performed without exogenous activation.

‘Formalin - all experiments with formalin contained 37% formaldehyde plus 10-15% methanol.

dthese nitrosamines are precursors to formaldehyde.

Abbreviations: HCHO, formaldehyde; NDMA, N-nitrosodimethylamine; NNK, 4-{methylnitrosamino)-1-(3-pyridyl)-1-
butanone; NNAL, 4-(methylnitrosamino)-1-(3-pyridyl}-1-butanol; DPAGE, denaturing polyacrylamide gel
electrophoresis; HPLC, high performance liquid chromatography; LC-ESI-MS, liquid chromatography electrospray
ionization mass spectrometry; LSC, liquid scintillation counting; MS, mass spectrometry; NMR, nuclear magnetic
resonance; RP-HPLC, reverse phase high performance liquid chromatography; UV, ultraviolet.

A.4.2. Genotoxicity of Formaldehyde in Prokaryotic Organisms

A number of reports describe the mutagenicity of formaldehyde in bacterial test systems
{(Salmonella typhimurium and Eschericia coli} using reverse and forward mutation assays as well as
assays with specific E. coli strains for detecting deletions, insertions and point mutations
{see Table A-19).

Formaldehyde was mutagenic in the reverse mutation assay in all of the studies with the
Salmonella strains TA102 and TA104, and most of the studies with TA100 strains with and without
metabolic activation and in strains TAZ2638 and TA2638a without metabolic activation. Mixed
results were reported with TA97, TA98, and TA1537 strains, while most of the studies with the
TA1535 and TA1538 strains were negative with or without metabolic activation (Rydén et al,,
2000; Dillon et al., 1998; Sarrif et al., 1997; Le Curieux et al,, 1993; Miller et al., 1993; O'Donovan
and Mee, 1993; Jung et al., 1992; Wilcox et al., 1990; Marnett et al., 1985).

With respect to forward mutations, formaldehyde has been shown to induce these types of

mutations both in S. typhimurium (Temcharoen and Thilly, 1983} as well as in E. coli strains

formaldehyde induced both toxicity and mutagenicity in the Salmonella strain TM677 (8-
azaguanine sensitive}, both with or without metabolic activation. On the other hand, Bosworth et
al. (1987) reported formaldehyde to be mutagenic in E. coli strain D494 uvrB, a more sensitive
strain to base-pair substitutions. Furthermore, formaldehyde has been shown to induce diverse
mutations in a forward mutation assay in E. coli strains GP120, GP120A, 7-2, and 33694, which

contained a xanthine guanine phosphoribosyl transferase {gpt} reporter gene (Crosby et al., 1988).

In this study, formaldehyde tested at two different concentrations (4 and 40 mM} produced point
mutations (41%), deletions (18%), and insertions (41%}) at low concentrations of exposure, while
the high-dose exposure resulted predominantly in point mutations (92%). The point mutations at

low-dose exposure were transversions at GC base pairs, while at high-dose exposure they were

transition mutations at a single AT base pair in the gpt gene (Crosby et al., 1988).
Wang et al. (2007b) have also shown that formaldehyde causes dose-dependent increase in

microsatellite instability in E. coli. Exposure to 2.5 mM formaldehyde caused a 2- to 24-fold

This document is a draft for review purposes only and does not constitute Agency policy.

A-88 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00104



Supplemental Information for Formaldehyde—Inhalation

induction in mutation frequencies of the complementary dinucleotide repeat microsatellites (GpT)

and (ApC) compared to in untreated controls. Itis possible that microsatellite instability could

change the conformation of DNA to Z-DNA structure, making the DNA not amenable for DNA repair.

Table A-19. Summary of genotoxicity of formaldehyde in prokaryetic systems

Reverse mutation

Results®

d

Comments Reference

S. typhimurium
TAL100

PP method; values
visually determined

Orstavik and

10, 25 35% HCHO sol. + + |from graph; (T) at 37.5
(-s9)and 50 (+s)  [Hongslo {1985)
pg/plate
37% HCHO with .
12 10% methanol (+) | (+) |PI method Schmid et al. {1986)
15,7.5 HCHO/mL + + [Suspension method  |Sarrif et al. {1997)
Pl method; values
visually determined
37% HCHO with from graph. Methanol
30 10-15% methanol * * tested '-ve' up to 500 Connor et al. {1983)
pg/plate (-S9 or +S9)
in the same study.
Takahashi et al.
30 HCHO (formnot 1, | \p |pP method
specified) {1985}
37% HCHO with
39 10-15% methanol | ~ (T |~ (T) [Pt method De Flora (1981}
PP method; dose
range 6.25-50 \
50 35% HCHO + + & Dillon et al. (1998)
ug/plate only
provided
Pl method; -S9 data
75 HCHQH(form hot - + |<2-fold compared to |Sarrif et al. (1997)
specified)
control
37% HCHO with .
80 10% methanol (+) | + |PPmethod Schmid et al. (1986)
HCHO (form not PP method; (T):>90 |Marnett et al.
90 . - ND
specified) ug/plate (1985}
O'Donovan and
100,50  [37%aq.sol. HCHO | +,+ | Np |Results by PL& PP
methods, respectively |Mee (1993)
HCHO (f t PP method; (T) 2200 .
100 ) .( ormnoe + - M) Sarrif et al, {1997)
specified) ug/plate
PP method,; .
150 37% HCHO + | ND | Mmetho Fiddler et al. (1984)

Discrepancy in
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Agent® M +59 Comments Reference

mutagenic data
observed between
author's report and
the graph from the
citation {150 vs. =30

ug/plate)

Haworth et al.

333.3,10 |37% HCHO - + |PP method; (T): NR
(1983)
37% HCHO in Connor et al.
500, 20 distilled water (+) + |PP method —1985a
S. typhimurium Fluctuation test; (T) at |Le Curieux et al.
TA102 10 HCHO/mL + ND ol 1993
17.2 HCHO (in water) + | ND [PP method Rydén et al. (2000)
75 HCHQ. {form not N ND Pl method; (T) >100 Wilcox et al. {1990)
specified) ug/plate
HCHO (form not P.P method,; Vallfes De Flora et al.
50 specified) (+) (+) |visually determined |7
P from graph (m)1984
PP method; '+' with
rat S9 and 't' with
50 35% HCHO + + |mouse S9; Authors Dillon et al, (1998}
show a dose range
6.25-50 ug/plate.
HCHO (form not PP method; (T):>90 |Marnett et al.
90 - + ND T ——
specified) ug/plate (1985}
O'Dongvan and
200,100 |37% aq.sol. HCHO | +,+ | ND |Results by PL& PP
methods, respectively |Mee (1993)
; Watanabe et al,
200 HCHO (in water) + | np |V method; (T)at 600
mg/plate {1996)
HCHO (form not Pl method; (+) by 1 lab
>000 specified) )| ) and '-ve' by 2 labs Jung et al. (1992)
Pl method; reported
HCHO (f t .
5,000 . .( ormne (+) | (+) |'(+) by onelab and Mauller et al. {1993)
specified) L
-ve' by 2 labs
S. typhimurium PP method; Authors
TA104 50 35% HCHO + + |show a dose range Dillon et al, (1998}
6.25-50 ug/plate.
HCHO (form not PP method; (T): >90 |Marnett et al,
specified) ug/plate {1985)
S. typhimurium 39 formalin - (T) | - (T) |Pl method De Flora {1981)
TA1535
100 37% ag.sol. HCHO | -, - | ND [Results by Pl & PP Q'Donovan and
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Results"

Comments

Reference

Test system

methods respectively

Mee (1993)

HCHO (form not

Pl method; (T) at 150

100 o - - i .
specified) ug/plate Sarrif et al, (1997)
HCHO (f t PP method; (T) 2200 .
100 A .( ormno - - M) Sarrif et al. (1997)
specified) ug/plate
333.3 37%HCHO PP method; (T): NR ﬁm
' T {1983}
S. typhimurium HCHO (form not Pl method; (T) at 100 .
TA97 50 specified) + | ND ug/plate Sarrif et al. {1997)
HCHO (form not PP method; (T):>90 |Marnett et al.
S0 - - ND U —
specified) pg/plate {1985)
S. typhimurium PP method; values
TA98 visually determined .
Oerstavik and
10, 25 35% HCHO sol. + + |from graph; (T)at37.5|——————————
(-s9) and 50 (+s9)  (Hongslo (1985)
ug/plate
Pl method; Methanol!
tested up to 500
37% HCHO with 10- late (-S9 or +S9
30 wi + + mg/? @ e, (=59 or +59) Connor et al. {19383}
15% methanol was '-ve'. Values
visually determined
from graph.
Takahashi et al.
30 HCHO (formnot 1, | \p |pP method
specified) {1985)
37% HCHO with 10-
39 15% methanol - (T) |- (T) |PI method De Flora (1981)
O'Dongovan and
50,100  |37% aq.sol. HCHO | +,+ | Np |Results by PL& PP
methods, respectively |Mee (1993)
HCHO (f I PP method; (T) 200 .
50, 100 . .( ormno + + M) Sarrif et al. {1997}
specified) pg/plate
Pl method; -S9 data
75 HCHQ.(form not - + |<2-fold compared to  |Sarrif et al, {1997)
specified)
control
HCHO (form not PP method; (T): >90 |Marnett et al.
specified) pg/plate (1985)
333.3,10 [37% HCHO (+) |PP method; (T): NR Haworth et al.
" T {1983)
37% HCHO in {+) Connor et al.
>00 distilled water M (T PP method {1985hb)
S. typhimurium 39 37% HCHO with 10-) (1) | = (1) |PI method De Flora (1981)

TA1537

15% methanol
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Results"
Test system Comments Reference
50,75  |H{CHO (form not + | + |PImethod Sarrif et al. (1997)
specified)
O'Donovan and
100 37% aq.sol. HCHO | -, - | ND |Results by PL& PP
methods, respectively |Mee (1993)
100 HCHO - - |PP method Sarrif et al. {1997)
3333 37% HCHO PP method; (T): NR _H@_W_Qﬂm
. (] - - ; .
(1983)
S. typhimurium 39 formalin - (T} |- (T) |Pl method De Flora {1981)
TA1538
O'Dongvan and
100 37% aq.sol. HCHO | -, | ND |Results by PL&PP
methods, respectively |Mee (1993>
S. typhimurium ) Watanabe, 1996,
TA2638 500 HCHO (in water) + | np [P!method; (T)at1000| 0 e @ @author-
mg/plate vear)
S. typhimurium . .
TA26382 17.2 HCHO (in water) + | ND |PP method Rvdén et al. (2000)
S. typhimurium Pl method; Methanol
UTH8413, UTH8414 37% HCHO with tested '-ve' up to 500
>00 10-15% methanol M -m pg/plate with/without Connor et al. (1983)
S9.
9 i Connor et al.
500 37% HCHOIn ~(T) |- (T) |PP method PP —
distilled water {1985b)
E. coliwWP2 .
’ Takahashi et al.
WP2uvrA, H/R30R, 420 ?Ceiﬁiézrm not + | ND |RM assay
Hs30R (uvrA) P 1985
E. coliNG30 (recA) HCHO (form not R.M assay; valugs Takahashi et al.
63 specified) - ND |visually determined
P from graph _(_______)1985
£. coli 016 (polA) HCHO (form not R.M assay; valugs Takahashi et al.
525 specified) - ND |visually determined
P from graph 138>
E. coliK12
(AB1886)/(uvrA); K12 |150 SHC:C%grm not - | ND |RM assay Graves et al. (1994)
(AB2480)/(recA/uvrA) P
E. coliK12 HCHO (form not
(ABL157)(WT) 1,875 specified) + | ND |RM assay Graves et al. (1994)
E. colf WP2 (pkM101) |, 5 HCHO (formnot 1 _ o0 | \p Pl method Wilcox et al. {1990)
specified)
O'Donovan and
200,100 |37% aq.sol. HCHO | -, + | np |Results by PI&PP
methods, respectively |Mee {1993)
) Watanabe et al.
700 HCHO (in water) + ND |Pi method
{1996)
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Results"
Agent® Comments Reference

HCHO (form not

PI method; dose-

E. coli GP120,

Deletions, Insertions ond Point mutations

HCHO (form not

(pkM101) 150 + ND [response from 10-300 | Wilcox et al. (1993}

specified)

ug/plate
0,
37% aq.sol. HCHO Results by Results by O'Donovan and
200, 50 (form not +,+ | ND |Pl & PP methods,
specified) respectively Mee (1993
_ Watanabe et al.
400 HCHO (in water) + ND |PI method
{1996}

E. coli (Lac+ HCHO (form not
reversion} WP3104P 10 specified) (+) | ND RM assay Ohta et al, {1999)
E. coli (Lac+
reversion) WP3101P, HCHO (form not
WP3102P, WP3103P, 30 specified) ND |RM assay Ohta et al. (1999)
WP3105P, WP3106P
Forward mutation
S. typhimurium 0.167, 0.33|37% HCHO with . + 1pP method Temcharoen and
T™677 mM 10-15% methanol metho Thilly (1983}
E. coli D4A%4uvrB HCHO (form not . Bosworth et al.
(pGW1700) 6.0 ug/mtL specified) + ND |Ampicillin FM assay 1987

i« ¥ i« 3
g

GP120A, 7-2, 33694 4 mM specified) + | ND |gpt FM assay Crosby et al. (1988}
Microsatellite Instability
E. coli IM109 Mutation frequency
2.5 mM HCHQ.(form hot + | ND |analysis and Wang et al. (2007b)
specified) .
sequencing.

%lowest effective dose for positive results; highest ineffective dose tested for negative or equivocal results.
bsingle value indicates identical dose/concentration effective for both without (-S9) or with (+59) metabolic
activation; for -S9 assay data showing two signs (+ or -) separated by a comma indicate respectively, use of Pl and

PP methods.

°+ = positive; ~ = negative; (+) =

= weak positive; ND =

test was not done; (T}, toxic.

Abreviations: HCHO, formaldehyde; Pl, plate incorporation (or standard plate); PP, pre-incubation plate; FM,
forward mutation; RM, reverse mutation; gpt, xanthine guanine phosphoribosyl transferase.

A.4.3. Genotoxicity of Formaldehyde in Nonmammalian Systems

Formaldehyde (commercial grade} or formalin (mostly containing 37% formaldehyde and

10-15% methanol} has been tested in several nonmammalian systems including yeast, molds,

plants, insects, and nematodes. As summarized in Table A-20, formaldehyde has been shown to

cause gene conversion, strand breaks, crosslinks, homozygosis and related damage in yeasts

{(Saccharomyces cerevisiae); forward and reverse mutations in molds (Neurospora crassa);

micronuclei formation in spiderworts (Tradescantia pallida); DNA damage and mutations in several
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plants; genetic cross-over or recombination, sex-linked recessive lethal mutations, dominant lethal
mutations, heritable translocations, and gene mutations in insects (Drosophila melanogaster); and
recessive lethal mutations in nematodes (Caenorhabditis elegans). Formaldehyde failed to show

micronuclei formation in newt larvae (Pleurodeles waltl) (reviewed in reviewed in IARC, 2012; NTP,

2010; IARC, 2006). DNA protein crosslinks were observed in Saccaromyces cerevisiae and E. coli
{Magafia-Schwencke and Moustacchi, 1980; Magafia-Schwencke and Ekert, 1978; Wilkins and
Macleod, 1976).

Some of the nonmammalian studies compared the effects of formaldehyde in wild type and

DNA repair-deficient organisms. For example, Magana-Schwencke et al. (1978} showed that
excision repair-deficient Saccharomyces cerevisiae strains are more susceptible to formaldehyde-
induced lethal effects and have reduced capacity to form single strand breaks (SSBs} compared
with repair-proficient strains, suggesting that the repair process possibly involves SSB formation.
Also, formaldehyde is more mutagenic in repair-deficient Neurospora crassa compared to the

corresponding repair-proficient strains (de Serres and Brockman, 1999).

Table A-20. Summary of genotoxicity studies for formaldehyde in
nonmammalian organisms

Test system Concentration=® | Resultse Comments¢ Reference
DNA damuage
Various plant and 1233 mM 3.7% Douglas and Rogers
fungal species® HCHO (at pH 3.0 + 1.5 hrs, PCR/GE, (1998)
and 7.0)
DNA protein crosslinks
Saccharomyces 17 mM HCHO 095 hrs. DNA Magana-Schwencke
cerevisice (form not + ) s and Ekert (1978)
specified) extractability; (T) 90 & 60%
survival at 33 & 66 mM o
Magaiia-Schwencke
. 33 MM HCHO HCHO with 42 & 95% DNA )
S. cerevisiae (form not + . and Moustacchi
e damage, respectively
specified) (1980}
£ coli (ici?r:qm?CHo N 10 min; alkaline sucrose Wilkins and Macleod
' e gradient centrifugation 1976
specified)
DNA repalir inhibition
s e
S. cerevisige (form not + ’ and Ekert (1978}

mM HCHO with 42 & 95%

specified) DNA damage, respectively

Dominant lethal mutation

Drosophila 60 mM 36% HCHO larval feeding method, Auerbach and Moser
melanogaster in water + frequency of hatchability (1953a, 1953b)
D. melanogaster 43 mM HCHO Exposure duration NR, Sram §1970)
(form not + frequency of dominant
specified) lethal mutations
Forward mutation
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Genetic crossing over

or recombination

Test system Concentration>® | Resultss Comments¢ Reference
Neurospora crassa de Serres and
heterokaryon H-59 | 3 \( formalin + 3 hrs, frequency of ad-3 Brockman {1999): de
strain mutations )

Serres et al. {(1988)
N. crassa de Serres and
heterokaryon H-12 | g \\ formalin (+) 3 hrs, frequency of ad-3 Brockman (1999); de
strain mutations ) o

Serres et al. {1988)
Gene conversion
S. cerevisiae 18 mM 30% HCHO N 0.5 hr, frequency of Chanet et al. (1975)
strain D4 solution recombinants

Homozygosis by mitotic recombination or gene conversion

D. melanogaster 14 mM HCHO larval feeding method Alderson {1967)
(form not +
specified)
42 mM HCHO duration of exposure NR, Sobels and van
(form not + frequency of recombinant Steenis (1957)
specified)
83 mM HCHO duration of exposure NR, Ratnayake {1970)
(form not + frequency of cross overs
specified)

Heritable translocation

D. melanogaster 14 mM HCHO 2 hrs, frequency of Khan (1967)
(form not + recombinants
specified)
83 mM HCHO duration of exposure NR, Ratnayake {1970}
(form not + frequency of
specified) translocations

Reverse mutation

Saccharomyces 0.62 mM formalin 16 hrs, frequency of Zimmermann and
cerevisige + resistant colonies Mohr (1992)
Micronucleus
Pleurodeles walt! 0.17 mM HCHO 168 hrs, Masson's Siboulet et al. (1984)
(form not - haemalum staining
specified)
Pleurodeles walt! 0.33 mM HCHO 12 hrs, Masson’s Le Curieux et al.
larva (form not - haemalum staining (1993)
specified)
Tradescantia pallida | 8 mM HCHO {form . 6 hrs, acetocarmine Batalha et al. (1999)
not specified) staining
Mutation
Plants {others) NR + NR Auerbach et al.
{1977}
Reverse lethal mutation
Caenorhabditis 23 mM HCHO from .\ 4 hrs, frequency of Johnsen and Baillie
elegans PFA mutations

(1988)
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D. melanogaster

S. cerevisige

Test system Concentration>® | Resultss Comments¢ Reference
Neurospora crassa 10 mM HCHO 4 hrs, frequency of Jensen et al. {1951}
{form not + mutations
specified)

10 mM formalin

3 hrs, frequency of
mutations

Kélmark and
Westergaard (1953)

24 mM HCHO
(form not
specified)

0.5 hrs, frequency of
mutations

larval feeding method,

Dickey et al, (1949)

Sex-linked lethal mutation

Stumm-Tegethoff

DNA damage, respectively

8 mM formalin + frequency of sex linked
lethals ng@_@l
14 mM HCHO larval feeding method Alderson (1967
(form not +
specified)
14 mM HCHO 2 hrs, frequency of Khan (1967)
(form not + progeny
specified)
33 mM formalin N duration of exposu.re NR, Kaplan (1948)
frequency of eclosions
42 mM HCHO Exposure duration NR, Sobels and van
(form not + frequency of sex-linked Steenis (1957)
specified) lethals
60 mM 36% HCHO . :cigvéz;s:dmfg melt'hidéj Auerbach and Moser
in water 9 y of sexfinke (1953b)
lethals
67 mM HCHO larval feeding method, Ratnayake (1968)
(form not (+) frequency of sex linked
specified) lethals
73 mM HCHO duration of exposure NR, Ratnayake {1970)
(form not + frequency of sex-linked
specified) lethals
33 mM HCHO 0-205 hrs, ASG; (T)90 & Magafia-Schwencke
(form not N 60% survival .at 33&66 et al. (1978)
e mM HCHO with 42 & 95%
specified)

gindicates lowest effective concentration for positive results; highest concentration tested for negative or

equivocal results.

Pindicates that the multiple dose/concentration values reported correspond to order of the indicated test result(s)
(e.g., without activation; with activation). Identical doses/concentrations for multiple test results are indicated by

a single value.

‘indicates + = positive; -

any.

= negative; (+) = weak positive.
dindicates the duration of exposure and the assay used to assess the endpoint, dose-response and toxicity (T) if

findicates that authors tested the following species: Agaricus bisporus, Glycine max, Lycopersicon esculentum,
Pinus resinosa, Pisum sativum, Populus x euramericana, Vicia faba, and Zea mays.
Abbreviations: ad-3, adenine-3 locus; ASG, alkaline sucrose gradient; HCHO, formaldehyde; NR, not reported,;
PCR/GE, polymerase chain reaction/gel electrophoresis; PFA, paraformaldehyde.
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A.4.4. Genotoxicity of Formaldehyde in in Vitro Mammalian Cells

Formaldehyde has been tested for its genotoxic potential in several mammalian cell culture
systems originating from rodents (mice, rats, hamsters} and humans, mostly without metabolic
activation. In a majority of these systems, formaldehyde tested positive for: DNA reactivity
including DNA adducts, DPXs, and SSBs; cytogenetic changes such as sister chromatid exchanges
{SCEs}, chromosomal aberrations (CAs}, and micronuclei (MN}; cell transformation and mutation
induction; and other genotoxic endpoints such as unscheduled DNA synthesis (UDS) and DNA

repair inhibition (summarized in Table A-21).

DNA Reactivity and Damage

DNA adducts

Formaldehyde has been shown to form hmDNA adducts in CHO cells (Beland et al., 1984
and rat and human nasal epithelial cells (Zhong and Que Hee, 2004} as shown in Table A-21.
Beland et al. {1984} first reported hmDNA adducts in CHO cells incubated with 1 mM of

radiolabeled formaldehyde. After a 2-hour incubation, small amounts of N6-hmdA were detected

with concomitant metabolic incorporation of formaldehyde (i.e., into DNA bases). Zhong and Que
Hee (2004) reported three types hmDNA adducts in human nasal epithelial cells exposed to varying
concentrations of formalin (10-500 pg/mL). In this study, the hmDNA adduct levels were in the
order of N6-hmdA > N2-hmdG > N+-hmdC. In HeLa cells exposed to [13CD;]-formaldehyde, Lu et al.
{2012a) detected both exogenous (13C-labeled) and endogenous (unlabeled} N2-hmdG adducts;

however, this study detected endogenous but not exogenous Né-hmdA adducts.

DNA-protein crosslinks

As summarized in Table A-21, DNA protein crosslinks have been reported in several
mammalian cell lines {primary and transformed} from rodents (mice, rats, hamsters} and humans.
(reviewed in reviewed in IARC, 2006; Conaway et al., 1996; IARC, 1995).

The lowest effective concentration of formaldehyde or formalin causing DPX formation

varied between different cell lines (see Table A-21). Among the animal cell lines, DPX formation
was observed at the in vitro concentrations of 0.125-0.25 mM in CHO cells and 0.01-0.2 mM in V79
cells. Several human cell lines (either primary cells or developed cells lines}, including epithelial,
fibroblasts, buccallymphoblastoid, lymphoma, and peripheral blood lymphocytes, among others,
that were exposed to formaldehyde also formed DPXs (Emri et al., 2004; Li et al., 2004; Costa et al.,
1997; Craft et al,, 1987). Selected studies have been briefly described below, although all available
and relevant studies are included in Table A-21).

Craftetal. (1987) analyzed DPXs in TK6 human lymphoblastoid cells immediately after a 2-

hour exposure (zero time) to 0-600 pM formaldehyde with a significant nonlinear increase in DPXs

above 50 pM, which correlated with the onset of cytotoxicity. DPXs were completely repaired

within 24 hours after exposure.
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DPXs were also detected in Epstein-Barr Virus (EBV}-human Burkitt's lymphoma cells
exposed to paraformaldehyde (which depolymerizes to release formaldehyde} at doses that were
cytotoxic (>0.003%) (Costa et al.,, 1997). Grafstrom et al. (1986} reported that the number of DPXs
induced by 100 uM formaldehyde in vitro in human bronchial epithelial cells and fibroblasts was

similar; although, DPX levels were several-fold higher than SSBs in the epithelial cells. In a different

study, the same authors (Grafstrom et al., 1984) noted that formaldehyde exposure resulted in the
formation of DPXs at similar levels in bronchial epithelial cells and in DNA excision repair-deficient
xeroderma pigmentosum (XP]} skin fibroblasts, and their removal rate was similar with a half-life of
2-3 hours, suggesting that the DPX are repaired independently of the excision repair. Further,
formaldehyde was only moderately cytotoxic to normal bronchial epithelial cells and fibroblasts at
concentrations that induced substantial DNA damage. Repair of the formaldehyde-induced DNA
SSBs and DPXs appeared to be inhibited by the continued presence of formaldehyde in the culture
medium (Grafstrom et al., 1984 ).

Alinear increase in DPX levels was observed in primary human skin fibroblasts and

keratinocytes from 25-100 uM formaldehyde, as indicated by the ability of formaldehyde to reduce

DNA migration in the comet assay after methylmethane sulfonate (MMS) pretreatment {Emri et al.
2004). Similar findings were also reported for primary human peripheral blood lymphocytes
{(PBLs) and Hela cells (LICM, 2006)}. Peak response for SSBs was seen at 10 pM in both cells, with

observed in whole blood culture after exposure to 25 uM, as indicated by the affect of formaldehyde

on DNA migration in the comet assay after y-radiation (Schmid and Speit, 2007). The repair of DPX

was complete 8 hours after an exposure to 100 pM formaldehyde, while DPX formed at >200 mM
were repaired within 24 hours.
Formaldehyde-induced DPXs are removed either through spontaneous hydrolysis or active

repair processes (Quievryn and Zhitkovich, 2000). Inhibition of specific proteosomes (protein

complexes involved in degrading unwanted or damaged proteins} in xeroderma pigmentosum
{XP}-A cells inhibited DPX repair, thereby supporting the role of enzymatic degradation (Quievryn
and Zhitkovich, 2008). The average half-life of formaldehyde-induced DPXs in human epithelial cell
lines was 12.5 hours (range 11.6 to 13 hours) (Quievryn and Zhitkovich, 2000}, 18 hours in HeLa
cells (LICM, 2006}, and 24 hours in human lymphoblasts (Craft et al., 1987). This difference was

primarily due to slower active repair of DPXs, with a t1/2 of 66.6 hours for human lymphocytes

compared to other human cell lines (Quievryn and Zhitkovich, 2000).

DNA are critical to formaldehyde-induced mutation. However, these authors did not find significant
differences in the induction and repair of DPXs in a normal human cell line (MRC4CV1}), nucleotide
excision repair (NER}-deficient xeroderma pigmentosum (XP} fibroblast cell line, and a Fanconi
anemia (FA} cell line exposed to 125-500 uM formaldehyde for 2 hours. In contrast, these cells
showed increased susceptibility to formaldehyde-induced MN formation. It is suggested that the
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NER pathway affects cytogenetic makers of genotoxicity rather than the cross-link repair (Speit et
al.. 2000).

DNA Single Strand Breaks (SSBs)

Formaldehyde has been shown to induce SSBs in a number of mammalian cell systems in
vitro (see Table A-21). Certain cell lines seem to be more sensitive for SSB formation than others.
For example, formaldehyde induced SS5Bs at concentrations ranging from 0.005-0.8 mM in human
primary cells including lung/bronchial epithelial cells {Grafstrom, 1990; Saladino et al., 1985;
Grafstrom et al.,, 1984; Fornace et al., 1982}, skin fibroblasts (Snyder and van Houten, 1986;
Grafstrom et al.,, 1984}, lymphocytes (LICM, 2006}, and in human cell lines A549 (Vock et al., 1999)

In many of these studies SSB induction was dose-dependent. However, formaldehyde did not

induce SSBs in human foreskin fibroblasts (Snyder and van Houten, 1986), human skin

keratinocytes exposed for 20 hours (Emri et al., 2004), mouse leukemia cells (Ross et al., 1981; Ross

and Shipley, 1980} and hamster CHO cells (Marinari et al.. 1984} and V79 cells (Speit et al., 2007h).
Formaldehyde induces more DPX than SSBs in normal human bronchial epithelial cells

{Grafstrom, 1990; Saladino et al,, 1985). Grafstrom et al. {1984} examined the kinetics of DNA

repair in nucleotide excision repair (NER}-proficient human bronchial epithelial cells and

fibroblasts and NER-deficient fibroblasts from XP patients by alkaline elution technique. They
reported comparable levels of DPX in all cell lines, suggesting non-involvement of NER in DPX
removal. However, the SSB levels are higher than DPX in XP cells compared to the normal
fibroblasts, although both these DNA lesions are repaired at comparable rates, suggesting an
additional indirect mechanism of SSB formation possibly involving a different repair pathway. SSBs

in Hela cells induced by 10 pM formaldehyde were repaired by 90 minutes after cells were washed

Cytogenetic markers of genotoxicity

Clastogenic effects, including increased MN, CAs, and SCEs, have been reported in a variety

of in vitro systems as shown in Table A-21.

Micronucleus (MN} formation

Studies have shown MN formation either in V79 lung epithelial cell lines {Speit et al., 2007b;

2000}, or in whole blood cultures (Schmid and Speit, 2007). Speitetal. {2000) reported a higher

frequency of MN formation in xeroderma pigmentosum (XP) and Fanconi anemia (FA} cell lines

compared to normal human cell lines suggesting the importance of NER and crosslink repair
following formaldehyde exposure. In V79 cells, Speit et al. (2007b) observed that MN frequency
increased with repeated formaldehyde treatments compared to a single treatment; however, such

an increase was not observed if the treatment interval was increased to 24 hours. Anincrease in
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micronucleus frequency was observed in mouse erythropoietic cells (Ji et al,, 2014}, human A549
lung epithelial cells (Speit et al., 2011a}, human lymphoblasts (Ren et al., 2613), and human whole
blood cultures (Speit et al., 2011a).

Schmid and Speit (2007} observed a statistically significant increase in MN formation at or

above a formaldehyde concentration of 300 uM in human whole blood cultures treated with
formaldehyde 24 hours after the start of the culture and cytochalasin B (CytB} added 20 hours later
{44 hours after the start of the culture}. This prompted the conclusion that the level of DPX
formation from formaldehyde exposure would need to be high for MN formation and the cells must
be exposed after the first mitosis (which is 24 hours). In examining MN formation more closely
with Fluorescence In Situ Hybridization (FISH), Schmid and Speit (2007) found that 81 percent of
the time, formaldehyde was inducing a micronuclei that was centromere negative indicating the

effect to be clastogenic rather than aneugenic (a centromere contained micronuclei}.

Sister chromatid exchanges (SCEs)}

Sister chromatid exchanges occur as a result of errors in replication process, where an
exchange in the chromatids between sister chromatids occurs during the anaphase. DPX are likely
to cause replication block and might stimulate SCEs in cells. Therefore, evaluation of SCEs is
important in assessing the genotoxicity of formaldehyde.

Formaldehyde has been shown to induce SCEs in most of the in vitro studies, both in rodent
and human cells. The available studies are summarized in Table A-21. Different cell types
responded differently for various concentrations for formaldehyde, particularly at low doses. For
example, the lowest effective concentration (LEC) of formaldehyde in Chinese hamster embryo cells
was 0.01 mM, for CHO cells it was 0.03 mM, and V79 cells responded at a concentration of .06 mM,
while human lymphocytes required slightly higher concentrations (0.125 mM) to show any effect.
cells and A549 cells following a range of formaldehyde concentrations with 0.1 mM being the LEC
when BrdU was added immediately after formaldehyde exposure. However, when BrdU addition
was delayed by 4 hours the LEC increased to 0.2 mM suggesting DNA repair. In co-cultivation
experiments, the authors first treated A549 cells for 1 hour with 0.05 mM formaldehyde and then
co-cultured them with V79 cells with or witout changing the culture medium, SCEs were observed
in A549 cells in both situations, but in the co-cultured V79 cells, SCEs were observed only when the
medium was not changed, suggesting residual availability of formaldehyde in the medium to induce
SCEs in V79 cells and that formaldehyde which entered the A549 cells is either utilized or
inactivated. Miyachi and Tsutsui (2005) measured the induction of SCEs in Syrian hamster embryo
(SHE]} cells at an LEC of 0.01 mM within an hour of formaldehyde exposure. Schmid and Speit
{2007} observed that SCEs were induced by 200 pM in lymphocytes from human whole blood
cultures, an effect apparently associated with cytotoxicity as indicated by a concomitant reduction

in the proliferative index.
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Chromosomal aberrations {CAs}

Several studies have demonstrated formaldehyde-induced CAs in a variety of mammalian
cells, such as CHO cells (Lorenti Garcia et al., 2009; Natarajan et al., 1983), Chinese hamster lung
fibroblasts (Ishidate et al.,, 1981), Syrian hamster embryo (SHE) cells (Hagiwara et al., 2006; Hikiba

1988; Schmid et al., 1986}, and human fibroblasts (Levy et al., 1983).

Hikiba et al. (2005) used SHE cells to measure the induction of CAs following exposure to a

series of formaldehyde concentrations (0, 33, 66, and 99 uM} for 24 hours and observed the
percentages of aberrant metaphases to be 0, 6, 6, and 71, respectively. The aberrations were
predominantly chromosome gaps and chromosomal breaks and exchanges. The relative colony-
forming efficiency remained high {at least 85%). Dose-dependent increases in chromosomal
aberrations were observed when CHO cells were exposed to 0.15 mM of commercial formaldehyde

{Lorenti Garcia et al.,, 2009). Chinese hamster lung fibroblasts, when exposed to 0.6 mM formalin

induced chromosomal aberration within 24 hour of exposure (Jshidate et al., 1981). Note that

formalin was used in this study as a source of formaldehyde.

formaldehyde. A dose-dependent increase in chromosomal aberrations was observed. Schmid et
al. (1986} used the same cell lines and exposed them to 0.25 and 0.5 mM formaldhyde containing
10% methanol. Both chromatid breaks and gaps were observed. It should be recognized that the in
vitro studies used different forms of formaldehyde, including commercial grade formaldehyde,
paraformaldehyce, formalin (formaldehyde containing 10-15% methanol) or methanol-free

formaldehyde.

Mutations and cell transformation

Mutations may occur as a result of the misrepair of formaldehyde-induced DNA damage
(DPXs, DNA adducts, SSBs, or clastogenic effects} or as a result of replication errors during
mitogenesis. The in vitro evidence for formaldehyde-induced mutations, as discussed below, is
strengthened by the correlation between these genotoxic and clastogenic events of formaldehyde
and the induction of mutations in other test systems. Numerous studies have demonstrated
formaldehyde-induced DNA mutations under a variety of experimental conditions (reviewed in
reviewed in JARC, 2012; NTP, 2010; JARC, 2006; Liteplo and Meek, 2003; Conaway et al, 1996;
1ARC, 1995; Ma and Harris, 1988; Auerbach etal., 1977).

Deletion and point mutations
Several studies demonstrated deletion mutations in cultured mouse lymphoma cells (Speit

and Merk, 2002; Mackerer et al.,, 1996), CHO cells and V79 lung epithelial cells at the hypoxanthine
phosphoribosyl transferase (hprt} locus (Merk and Speit, 1999, 1998; Graves et al.,, 1996; Grafstrém
et al., 1993} as well as in human TK6 lymphoblast cells (Crosby et al., 1988; Craft et al., 1987;
Goldmacher and Thilly, 1983} as shown in Table A-21.
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Craft et al. (1987) measured the induction of mutations in the thymidine kinase (tk} locus or
at the ouabain resistance {Ouar) locus in TK6 human lymphoblastoid cells. The mutagenesis at tk
locus can result from base-pair substitutions, small and large deletions, and chromosome exchange
events, while mutations at the Ouar locus require specific base-pair substitutions. Lymphoblostoid
cells were exposed to single (0, 15, 30, 50, 125, or 150 uM for 2 hours) or multiple treatments, that
is, 3,5, or 10 treatments of 50, 30, or 15 uM, respectively, or 4 treatments of 150 uM for 2 hours
{(treatments were spaced 2-4 days apart) with formaldehyde and mutations analyzed. The authors
observed a nonlinear increase in tk mutagenesis with single treatment of formaldehyde with
increasing slope >125 pM. Although multiple treatments caused an increase in tk mutagenesis,
their combined effect was less than the single treatment of equivalent C x t (150 uM x 2 hours). No
mutations were observed at the Ouar locus in lymphoblasts that received four treatments of 150 uM
for 2 hours. Tk mutagenesis followed a similar exposure-response curve as DPX formation in this
study (Craft et al., 1987).

uM formaldehyde induced mutants at the X-linked hypoxanthine-guanine phosphoribosyl
transferase (HPRT) locus. Of these mutants, 14/30 of them contained partial or complete deletions
with most of the partial deletions showing unique deletion patterns, while only a third (5/15] of
spontaneous mutants had partial or complete deletions, indicating that formaldehyde can induce
large losses of DNA in human lymphoblast cells. This work was followed up by Liber et al. (1989},
who showed that HPRT mRNA from human lymphoblast mutants (16 formaldehyde-induced and
10 spontaneous, both not showing deletions} contained a preferential AT to CG transversion at a
specific site (Liber et al., 1989).

Formaldehyde has been shown to induce hprt mutations in CHO cells involving single-base

pair transversions mostly occurring at AT sequences (Graves et al., 1996). Formaldehyde also

induced forward mutations in mouse lymphoma L5178Y tk+ cells both in the absence and presence
of rat liver 59 [higher concentrations required for effect with S9). Both toxicity and mutagenicity
were abolished when formaldehyde dehydrogenase (FADH) was incorporated in the exposure
medium (Blackburn et al., 1991}, suggesting detoxification of formaldehyde.

A study by Merk and Speit (1998} indicated that formaldehyde-induced DPXs did not result

in direct gene mutations in the hprtlocus of V79 Chinese hamster cells, suggesting that

formaldehyde was not mutagenic. However, the hprt mutation assay may be insensitive to deletion

mutations (Merk and Speit, 1998) because the Aprtlocus in the V79 cell line is primarily sensitive to
point mutations. Additionally, one study showed the formation of deletion mutations by

formaldehyde at the same locus in human lymphoblasts (Crosby et al.,, 1988).

2-hour exposure to formaldehyde was mutagenic in a concentration-dependent manner. Mutation
was mainly attributed to a strong increase in small colony mutants suggestive of CAs.

Recombination or deletion of DNA from the tk locus was primarily responsible for the loss of
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heterogeneity, thereby leading to the observed mutant phenotype. This mutagenic finding in the
L5178Y cell mouse lymphoma system, which is likely to occur by a clastogenic mechanism rather
than by point mutations (Speit and Merk, 2002}, is consistent with that of Craft et al. (1987}, who
demonstrated formaldehyde mutagenicity at the tk locus of TK6 cells, and also with the findings of

lines.

Transformation
Formaldehyde has also been shown to induce cell transformation in mouse embryo

fibroblasts (Boreiko and Ragan, 1983; Frazelle et al., 1983; Ragan and Boreiko, 1981) and hamster
kidney cells (Plesner and Hansen, 1983} as shown in Table A-21. In mouse embryonic C3H/10TV2

cells, a single exposure to formaldehyde (0.003-0.083 mM) for 24 hours did not induce
transformation; however, when formaldehyde treatment was followed by continuous treatment
with 0.1 png/mL with the tumor promoter 12-0-tetradecanoyl phorbol-13-acetate (TPA), a dose-
dependent increase in transformation was observed at low concentrations of 0.003 mM (Boreiko
and Ragan, 1983) or 0.017 mM (Ragan and Boreiko, 1981} formaldehyde. Ragan and Boreiko

{1981} have also shown that treatment of mouse embryo fibroblasts with varying doses of formic

acid (=2 to 22 mM} or methanol (=0.11 to 1.1 M) did not induce transformation either alone or
following TPA promotion in mouse embryo fibroblasts. The authors concluded that since
commercial formalin contains 10% methanol, and use of 105 times higher methanol concentrations
(=2.2 M} in this experiment ruled out the background interference of methanol (precursor to
formaldehyde} or formic acid (a metabolic product of formaldehyde)} with formaldehyde-induced
cell transformation. In a different study using the same cells, the ability of formaldehyde to actas a
tumor promoter was tested with repeated applications of formaldehyde following initiation with N-
methyl-N'-nitro-N-nitrosoguanidine (MNNG) by Frazelle et al. {1983) who observed a weak tumor
promoting activity of formaldehyde. Another study with a 3-hour exposure to formaldehyde (0.003
to 3.33 mM) with metabolic activation using S9 mix in baby hamster kidney (BHK} cells induced

dose-dependent increase in transformation (Plesner and Hansen, 1983).

Expression of p53 mutation and cell death
Four cell lines derived from formaldehyde induced rat nasal squamous cell carcinomas

{SCCs) from a previous study (Recio et al., 1992} were analyzed by Bermudez et al. (1994) for p53

mutations as shown in Table A-21. These cell lines were aneuploid overexpressing transforming
growth factor-o. and epidermal growth factor, expression of which is a common feature of SCCs and
is frequently found in human tumors. Two each of these cell lines contained wild type DNA
sequences while two others possessed mutated p53 gene sequences, being point mutations, in
particular having transversions at codons 132 (TTC>TTA} and 271 (CGT->CAT) of the p53 gene.
In order to understand the mechanism of transformed cell lines conveting to tumor phenotype, the

auhors injected either the the wild type or cells with mutant p53 sequnces into nude mice. They

This document is a draft for review purposes only and does not constitute Agency policy.

A-103 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00119



W 0~ O U s W N

=
N = O

13

14
15

16
17

18
19
20
21

22
23

24
25
26
27
28
29
30
31
32
33
34

Supplemental Information for Formaldehyde—Inhalation

observed that only cell lines expressing the p53 mutation were tumorigenic, suggesting
involvement of specific p53 mutations in the tumorigenicity of formaldehyde. Wong etal. (2012)
examined signal transduction pathways in response to formaldehyde exposure. The authors
studied p53 phosphorylation in human lung epithelial (H460 cells) and fibroblast cells exposed to
formaldehyde and compared the role of different protein kinases using specific inhibitors for ATR,
ATM, and DNA, measuring Ser15p53 and thr68-CHK1 phosphorylation, p53 accumulation, and
induction of p21. Atlow doses, formaldehyde-induced DNA-protein crosslinks caused ATR-
mediated activation of p53 in human lung fibroblasts and epithelial cells. The S-phase of the cell
cycle seems to be specifically sensitive for this effect without the invelvement of topoisomerase
binding protein 1 (topBP1). Other pathways, such as BER and NER, mismatch repairs were not
affected by p53 activation, suggesting that non-DPX adducts, including DNA-peptide and hmDNa

adducts, play a minor role in formaldehyde-induced p53 activation.

Other genotoxic endpoints

As summarized in Table A-21, in vitro formaldehyde exposure induces other genotoxic and

related effects in mammalian cells such as UDS and DNA repair inhibition.

Unscheduled DNA synthesis
UDS, which represents DNA repair activity following excision of DNA damage, has been

reported in rat hepatocytes (Williams et al., 1989b) and SHE cells (Hamaguchi and Tsutui, 2000)
exposed to formaldehyde. UDS was also observed in HeLa cells (Martin et al., 1978), but not in

human bronchial epithelial cells (Boolittle et al., 1985) upon formaldehyde exposure. These studies

suggest that formaldehyde-induced DNA damage was followed by DNA repair.

DNA repair inhibition
Formaldehyde can inhibit DNA repair and induce cell transformation (Emri et al., 2004;

Speit et al,, 2000; Grafstrom et al., 1984; Boreiko and Ragan, 1983} as shown in Table A-21. Studies

have shown that formaldehyde causes DNA repair inhibition at a concentration range of 0.125 mM

to 10 mM in human bronchial epithelial cells (Grafstrom et al., 1984} and skin fibroblasts or

keratinocytes (Emri et al., 2004}, DNA repair proficient or deficient cell lines (e.g., XP}, or cell lines

hypersensitive to DNA-DNA crosslinks {e.g., FA) (Speit et al., 2000). In a study using human
keratinocytes and fibroblasts, Emri et al. (2004) tested the formation of DNA SSBs induced by
ultraviolet (UV) irradiation by UVB or UVC with or without prior treatment with 10 uM
formaldehyde. The authors reported that SSB induced by UV irradiation alone were repaired

within 3-6 hours of exposure, while cells with UV irradiation followed by formaldehyde exposure
had higher SSBs at the same time points due to increased chromosomal damage, suggesting that

formaldehyde exposure altered the repair kinetics in these cells.
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Studies on aneuploidy in various in vitro and human cell systems have provided mixed

results as shown in Table A-21. For example, increase in aneuploidy was observed in hamster CHO

increase in aneuploidy cells were observed in hamster V79 lung epithelial cells (Kuehner et al.

2012; Speitetal, 2011a) or in human myeloid progenitor cells (Kuehner et al.,, 2012).

Table A-21. Summary of in vitro genotoxicity studies of formaldehyde in
mammalian cells

Test system

b
Dose/ Results

Concentration?®

Comments {(duration;
endpoint method; toxicity)

Reference

053 Mutations
Rat cell lines derived from nasal
Nasal tumor cell lines tumors of rats from 2-yr tumor (Bermudez et al
NA + ND [study; rats exposed to 18.5 1994)‘
mg/m3 HCHO, 6 hrs/d, 5 d/wk |~~~
for 2 yrs
Deletion mutations
Mouse 0.063 mM HCHO 2 hrs; mouse lymphoma assay; [(Speit and Merk,
Lymphoma L5178Y (commercial) + ND cytotoxic at 250 pM conc. 2002)
tk*" cells
0.8 mM 37% HCHO 3 hrs; MF at TK locus; 40-50% |(Mackerer et al.,
+10% methanol ND | + ltotal growth at 0.8 mM dose 1996)
Hamster o 1 hr; 6-TG resistant mutants; -
) ’ . ' |(Grafstrom et al,,
CHO cells/Hprt locus 0.3 mM HCHO (37% + ND |dose-dependent | in CFE and (
w/w) : 1993)
1in MF I
0.5 mM HCHO 4 hrs; HPRT assay; (T) by (Merk and Speit,
(commercial) = | ND lrelative CE 2 0.125 mM 1998)
1 mM HCHO (40% 1hr; 6-TG re5|§tant colonies; (Graves et al,
aq. Sol.) + ND |base transversions at AT base
q. >ol. pairs 1996)
Hamster 4 hrs; HPRT assay; (T) by M :
) ’ ’ erk and Speit,
V79 lung epithelial 0.5mM H(.:HO - ND |relative CE 20.25 mM ( 2
{commercial) 1999)
cells e
Human 5 hrs; 6-TG resistant mutants
Bronchial 0.1 mM HCHO .\ ND scored; MF nonlinear dose- (Grafstrom et al,,
fibroblasts/epithelial  |{{commercial) dependent 1; (T) > 0.1 mM by 1985)
cells (HPRT locus) CFE
EunTahnoblast/TKG 0.03 mM 37% iwzgss,;ul:ll;ii?(llsg(s osure {0—
ymp HCHO + 10-15% + | nND i SINBIE &xXp (Craft et al., 1987)
methanol 150 um) nonlinear 1 in MF; (T)
at 0.125 mM
0, . .
0.13 mM 37% 2 hr§, MF at TK locus; cell (Goldmacher and
HCHO + 10-15% + ND |survival was 15% at 0.15 mM; hill
methanol cells treated for 2 hrs with Ihi 1383)
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Test system

Dose/

Concentration® m

Results®

Mouse
Lymphoma cell/ TK+/-

Comments {duration;
endpoint method; toxicity)

Reference

0.07 mM methanol were not
mutagenic, not cytotoxic

0.15 mM HCHO
{commercial)

0.1 mM {-S9) and
0.5mM (+59) 37%

8 exposures x4 d, 2 hrs
dosing; MF at HPRT locus; MF
12.4-fold higher over
background; (T) 50% survival
each treatment

NR; assay supplemented with
FDH and NAD+; MF at the TK
locus; results indicate without

(Croshy et al,,
1988)

Point mutations

(Blackburn et al.,

(commercial)

showed base substitutions at
AT base pairs

. +,~ | +~ |and with FDH/NAD",
:Cegi:ifﬁ respectively; 50% (T) at 0.1 1991)
mM {-S9) and 0.5 mM (+59)
with FDH
0.14 mM HCHO 4hrs; ME at Tk locus; h'ghly_ (Wangenheim and
form not specified + ND |mutagenic but total growth is esfold
p very low Bolcsfoldi, 1988)
Hamster o 1 hr; 6-TG resistant colonies
’ Graves et al.,
CHO cells/Hprt locus ;L m:‘):‘;CHO (40% + ND |had base transversions at AT (
9. >0k base pairs 1296)
Human 2 hrs (8 times); sequence
Lymphoblast/TK6 0.15 mM HCHO analysis of HPRT mutants .
ymp / + | ND y (Liber et al., 1989)

DNA-protein crosslinks

cell line

Mouse 0.5 mM [*C] HCHO 2 hrs; nonlinear dose- (Casanova et al.,
He + ND H
patocytes (ag. Sol.) dependent 1 in DPX. 1997)
0.5 mM [**C] HCHO Z,hrS; HPLC analysis of DNA (Casanova and
+ ND |digest; Dose-dependent 1 in T
(aq. Sol.) Heck, 1997)
DPX.
Mouse 2 hrs; DPX show dose- (Speit and Merk,
L5178Y tk*- Lymphoma 0.031 mM.HCHO + ND |[response; cytotoxic at 250 uM 2002)
cells {commercial) conc. i
Mouse 0.125 mM 37% 1 hr; (T} at 0.3 uM conc.
Leukemia L1210 cells |HCHO t [N\ (Ross et al., 1981)
2.5 hrs; (T) 20.175 mM (Ross and Shipley,
02mM37%HCHO | + ND 1980)
Mouse 12 hrs; Alkaline comet assay;
Bone marrow ?3;3/5) mM HCHO + ND |(T) from 0.175 mM to 0.2 mM |(She et al., 2013)
mesenchymal cells ?
Rat . . . 15 h.rs; DPX.an?Iyzed by (Cosma and
(18 tracheal epithelial 0.1 mM PFA in PBS + ND lalkaline elution; (T)at 04 mM |~

Marchok, 1988)
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Test system

Dose/

Concentration® m

Results®

Comments {duration;
endpoint method; toxicity)

Reference

Rat 1.5 hrs; K+/SDS assay; dose-
Aortic endothelial cells (Oéin:nnilﬂe?c(i:;? + ND |dependent TinDPX22hrs; |(Lin et al., 2005)
(T) by LDH release at 2 mM
Raﬁt 0.05 mM PEA in 15 h.rs; DPX'anaIyzed by (Cosma and
Primary tracheal PBS + ND |alkaline elution; (T} > 0.2 mM Wh K
epithelial cells Marchok, 1988)
3.34 mM ND 3 hrs; dose-dependent 1 in (Cosma and
+ =0oilld d0ia
HCHO/PBS DPX Marchok, 1988)
Rat . 0.95 mM HCHO 4 hrs; alkaline elution assay; (O'Connor and Fox,
Yoshida (36% sol) + ND |{T) IDs0 0.25 mM
lymphosarcoma cells ’ 1987)
Hamster 0.125 mM HCHO 2 hrs;.BrdU incorporation-FPG (Lorenti Garcia et
CHO cells (commercial) + ND |technique; conc.-related |, |
DNA migration inhibition; al., 2009)
1.5 hrs; dose-dependent " in
; Zhitkovich and
02mMHCHO(NS) | + | ND DPX up toZmM HCHO; values |{
visually determined from Costa, 1992)
graph
1.5 hrs; dose-dependent 1 in
0.25 mM HCHO DPX formation up to 2 mM .
(NS) * ND HCHO; values visually (Olin et al., 1996)
determined from graph
1.5 hrs; alkaline elution assay;
0.5 mM HCHO . ND DPX showed dose-dependent |(Marinari et al.,
{commercial) 1M0.5-4.5 mM); 82% viability |1984)
at 4.5 mM HCHO
Hamster 0.01 mM 16% 1 hr; Comet assay; dose- (Speit et al
. . . . . E 'l
V79 lung epithelial HCHO (ultrapure + ND |dependent | in DNA migration b
cells methanol free) at HCHO z 0.01 mM; 2007b)
4 hrs; Comet assay; dose-
0,
0.025 mM 16% dependent | DNA migration; |(Speitetal.,
HCHO (ultrapure + ND (T) at 0.2 mM by cell
methanol free); = mViBy cefl 2008a)
counts/proliferation index;
4 hrs; Comet assay; dose-
0.0625 mM HCHO + | Np |dependent T migration (Merk and Speit,
{commercial) inhibition (0.0625~0.5 mM);  |1999)
(T) by relative CE 2 0.25 mM;
4 hrs; K-SDS assay; nonlinear
0.125 mM dose-dependent  in DPX (Merk and Speit,
HCHO (commercial) + ND |{values visually determined
from graph); HCHO (T) by 1998)
relative CE assay 2 0.125;
Human 0.2 mM 16% HCHO 1 hr; Comet assay; dose- (Speit et al
. . ....Q............................L‘
Nasal epithelial cells  |{ultrapure + ND |dependent I DPX from 0.05— b
methanol free) 0.3 mM; (T) by CF 2 0.02 mM; 2008b)
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Test system

Dose/
Concentration®

Human
A549 lung epithelial
cells

0.2 mM 16% HCHO
(ultrapure
Methanol free)

Reference
1 hr & 4 hrs; Comet assay;
dose-dependent /> migration |(Speit et al,
inhibition from 0.1-0.3 mM;  12008b)

(T) by CF 2 0.02 mM;

0.2 mM HCHO
(stabilized with
Methanol}

3 hrs; KCI/SDS method; DPX
time-dependent T up to 12
hrs; TY/2 12.5 hrs; (T) 2 0.2 mM
by CF assay,

(Quievryn and
Zhitkovich, 2000)

0.2 mM 16% HCHO
ag. sol., methanol-
free

1 or 3 x 24 hr intervals; comet
assay

(NTP, 2010

Human
Lung/bronchial
epithelial cells

0.1 mM
HCHO (commercial)

1 hr; alkaline elution
technique; (T) 0.021 mM IDso
by growth inhibition

(Saladino et al.,

1985)

0.1 mM HCHO
{commercial)

1 hr; alkaline elution
technique; (T) at 0.3 mM by
CFE

(Grafstrom et al.,

1986)

0.2 mM 37% HCHO
(w/w)

1 hr; alkaline elution
technique; (T) at 1 mM

(Grafstrom et al.,

1984)

2 mM HCHO (Not + ND |1 hr; Alkaline elusion (Grafstrom, 1990)
Specified) technique;
0.39 mM HCHO + ND {4 hrs; KCI-SDS method

(Duan, 2011)

0.8 mM 37% HCHO

1 hr; alkaline elution;

(Fornace et al.,
1982)

Human
Bronchial epithelial
cells/fibroblasts

0.1 mM 37% HCHO

1 hr; alkaline elution
technique;

(Grafstrom et al,,

1983)

(T =z .
Human 0.2 MM HCHO + 3 hrs; (T) 2 0.2 mM by CF (Quievryn and
Fibroblasts Methanol) + ND |assay; DPX half life is 12.5 hrs hitkovich
(diploid)/HF/SV40 £hitkovich, 2000)
Human 0.95 mM 1.5 hrs; DPX dose-response
Fibroblast H.CHO (NS) + ND {not prominent; values visually [{Olin et al., 1996)
{Bronchial/Skin) determined from graph
Human 8 hrs with subsequent
Skin keratinocytes/ ?NOS:;'S MM HCHO + ND |exposure to methyl methane |(Emri et al., 2004)
fibroblasts sulfonate {0.25 mM)
Human 0.2 mM 37% HCHO 1 hr; alkaline elution (Grafstrom et al,,

XP fibroblasts

(w/w)

technique; DPX TY/; 2-3 hrs

1984,

Human

Normal, XPA and FA
repair deficient
fibroblasts

0.125 mM
HCHO (commercial)

2 hrs; Comet assay; dose-
dependent DNA migration
inhibition; No migration
inhibition after 24 hrs;

(Speit et al., 2000)

Human
Fibroblasts/XP-F and

0.2 mM HCHO
(stabilized with

+ ND

3 hrs; DPX removal XP-A = XP-
Fcells; (T) 2 0.2 mM by CF

(Quievryn and
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Results®

Dose/ Comments {duration;

Test system Concentration® m endpoint method; toxicity) Reference
XP-A Methanol) assay,; Zhitkovich, 2000
Human 1 hr; comet assay; KCI/SDS

0,
Lymphocytes ?o(r)r?q:?f::l 10% + ND |assay; nonlinear dose- (LICM, 2006)
dependent 1 2 50 pM HCHO
0.1 mM; 0.3 mM .\ 3 hrs; (T) at 0.3 mM (+59) (Andersson et al,,
HCHO in water 2003)
0.2 mM 31hrs; KCl/SDS method; DPX (Quievryn and
HCHO + Methanol) + ND |TY/,18.1 hrs; (T)20.2 mM by """""""""M"""""""“" :
CF assay, Zhitkovich, 2000)
Human 1.5 hrs; Dose-dependent N in
White blood cells 0.001 mM + | o DPX formation up to 2 mM (Shaham et al.,
HCHO (NS) HCHO; values visually 1996)
determined from graph
Human exposure duration not
o, i . . _ . .
Whole blood cultures [0.025 mM 16% specified; Comet a.ssay, dose (Schmid and Speit,
HCHO (ultrapure + ND |dependent migration
Methanol free) inhibition; DPX 2 0.2 mM 2007)
persist for 24 hrs;
Human 0.05 mM 37% 2 hrs; MF at TK locus
Lymphoblast/TK6 HCHO + 10-15% + | ND |measured; (T) at 0.125 mM (Craft et al., 1987)
Methanol
Human 0.1 mM 16% HCHO + ND |2 hrs; Comet assay with g- (Kuehner et al.,
Lymphoblast/TK6 (ultrapure MetOH irradiation; DPX formation 2013)
free) dose-dependent; (T) at 0.1
mM 24 hrs by MTT assay
Human lymphoblasts |0.125 mM 37% + ND |24 hrs; Dose-dependent T in  |(Ren et al., 2013)
(PD20 & PD20-D2) HCHO DPX from 0.05-0.15 mM;
PD20>PD20-D2; (T) >0.15 mM
Human 18 hrs; Dose-dependent 1 in
EBV-Burkitt's 0.03% PFA in water | + ND |DPX; (T) 0.01% PFA (Costa et al., 1997)
lymphoma cells
Human 2 hrs; SDS-PAGE; (T} 21 mM
T-leukemia (Jurkat E6- 1 mM HCHO + ND |by cell death assay (Saito et al,, 2005)
{commercial)
1) cells
Human 1 hr; KCI/SDS precipitation
Hela cells method; (T} = 100 mM by
0.05 mM absorbance after 12 hrs; dose-
10% formalin * ND dependent 1 in DPX; repaired (LICM, 2006)
within 18 hrs after HCHO
removal
Human 3 hrs; KCI/SDS method; DPX .
. 0.2 mM ’ ! (Quievryn and
Kidney cells/Ad293 + ND |TY>12.5hrs; (T)20.2mMb - .
Y HCHO + Methanol M Y Zhitkovich, 2000
CF assay,
Human 1 hr; (T) not reported .

A 1 mM HCHO + | ND M P (Blasiak et al.

Gastric mucosa cells e
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Test system

Dose/

Concentration® m

Results®

DONA adducts

Comments {duration;
endpoint method; toxicity)

Reference

2000)

Hamster 1 mM [3H] 37% 2hrs; (T)22.5mM (Beland et al
CHO celis HCHO/10-15% + ND D —
Methanol 1984)
Human 24 hrs; hmdA and hmdG
Nasal epithelial cells  10.33 mM 37% adducts dose-dependent 1 . (Zhong and Que
HCHO + 10% + ND |Viability showed dose-
Methanol dependent from 10 Hee, 2004)
500 mii;
Human 0.5 mM 3 hrs; No (T) information
Hela cells [23CD,]HCHO (20% + ND |provided. (Luetal, 2012a)
in heavy water)
Chromosomal aberrations (CA)
Hamster 2 hrs; BrdU incorporation-FPG
CHO cells (AA8) and  [0.15 mM . ND technique; dose-dependent 1 |(Lorenti Garcia et
their mutants {UvV4, |HCHO (commercial) in Cas al,, 2009)
Uvs, Uvel)
Hamster 0.2 mM 2 hrs; BrdU mcorpor_ation; (Natarajan et al.,
CHO cells . + + |dose-dependent 1™ in SCE +/-
PFA in water <9 1983)
Hamster 0.2 mM 2 hrs;_BrdU incorporation-FPG (Lorenti Garcia et
CHO cells mutants HCHO (commercial) + ND technique; dose-dependent 1 |
(KO40) in CAs al, 2009)
Hamster 8-12 hrs; Giemsa staining; (Galloway et al.,
CHO cells 0.53 mM HCHO +) | 4 1985)
Hamster ) 24 hrs; microscopic evaluation [(jshidate et al.
Lung fibroblasts 0.6 mM Formalin + ND 1“"“““““““"*981)
Hamster/Syrian 0.033 mM 37% 24 hrs; CA assay; 85% relative (Hikiba et al
Embryo cells HCHO + 7-13% + ND |CFE at 0.099 mM PP
Methanol 2005)
Human 0.25 hr; Giemsa staining; dose-
Fibroblasts 2 mM HCHO (NS) + | ND dependent 1 in CA; (Levy et al., 1983)
Human 0.125 mM HCHO N ND 1 hr; PCC technique; dose- (Dresp and
Lymphocytes (NS) dependent? in CA Bauchinger, 1988)
Human lymphoblasts 0.125 mM 37% + ND |24 hrs; Dose-dependent T in  |(Ren et al., 2013)
(PD20 & PD20-D2) HCHO CA from 0.05-0.15 mM;
PD20=PD20-D2; (T) >0.15 mM
Human 1 hr; conc. Respectively, for
lymphocytes 0.25mM, 0.5 M chromatid breaks and gaps;  |(Schmid et al.,
37% HCHO + 10% + + ) L
Methanol proliferation inhibition at 1 M 1986)
(-59) and 0.5 mM (+59)

Micronucleus (MN)
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Results®

Dose/ Comments {duration;

Test system Concentration® endpoint method; toxicity) Reference
Mouse 0.025 mM HCHO + ND |1hr; Dose-dependentin MN  |(Ji et al., 2014)
erythropoietic cells (37% + 10-15% from 0.025-0.1 mM;

methanol)
Hamster 0.075 mM 16% 2 hrs; MN test; MN 2 0.075 (Speit et al
V79 lung epithelial HCHO (ultrapure + ND ImM; dose-dependent T in MN; b
cells Methanol free); 2007b)
4 hrs; MN test; dose-
o, ’ ’
0.1 mM 16% HCHO dependentin MN; (T)at 0.2 |(Speit et al.
(ultrapure + ND M by cell b
Methanol-free); y . L 2007b)
counts/proliferation index;
4 hrs; MIN assay with AO
staining; nonlinear dose-
0.125 mM . ND dependent P in MN (values |(Merk and Speit,
HCHO {commercial) visually determined from 1998)
graph); (T) by relative CE 2
0.125 mM;
Human 0.15 mM 16% + ND |2 hrs (0.3 mM) or 30 hrs (0.15 (Speit et al.
A549 lung epithelial HCHO (ultrapure, mM); CBMN assay; Mostly 2011a)
cells methanol-free) centromere -ve by FISH
analysis
Human 2 hrs; MN test; MN 2 0.075
Normal, XPAand FA  {0.125 mM mM; dose-dependent 1 in .
repair deficient HCHO {(commercial) * ND MN; normal<XPA<FA; (Speit et al., 2000)
fibroblasts
Human lymphoblasts |0.125 mM 37% + ND |24 hrs; Dose-dependent T in  |(Ren et al., 2013)
(PD20 & PD20-D2) HCHO MN from 0.05-0.15
mM;PD20>PD20-D2; (T) »0.15
mM
Human 0.3 mM 16% HCHO + ND (27 hrs; CBMN assay; mostly (Speit et al.
Whole blood cultures |{ultrapure, centromere negative by FISH 2011a)
methanol-free) analysis
Human o 24 hrs; HCHO dosed 44 hrs
Whole blood cultures 0.3 mM 16% HCHO after culture; MN test; dose-  |(Schmid and Speit,
(ultrapure + ND .
Methanol free); dependent 1 in MN (0.1-0.4  12007)
! mMj); (T) 2 0.3 mM by NDI;
Single strand breaks (S5B)
Mouse 0.125 mM 1hr; (T)at 0.3 mM
Leukemia L1210 cells  |37% HCHO - | ND (Ross et al., 1981)
2.5hrs; (T) 20.175 mM (Ross and Shipley,
02 mM37%HCHO | {+) | ND
1980)
Rat 4 hrs; HCHO cytotoxic 21.5 (Demkowicz-
Hepatocytes 1 mM HCHO (NS) . ND |MM; dose-dependent 7 in SSB, Dobrzanski and
enhanced by GSH depletion
Y P Castonguay, 1992)
Rat -tracheal epithelial . 1.5 hrs; SSB analyzed by
cell line 02mM PFAIn PBS |+ ND alkaline elution; HCHO toxic at (_(;9_.5:_@_@_9_9_@
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b
Dose/ Results Comments (duration;
Test system Concentration® m endpoint method; toxicity) Reference
0.4 mM Marchok, 1988)
Rat . 0.95 mM HCHO 4 hrs; alkaline elution assay; (O'Connor and Fox,
Yoshida (36% sol) + ND |{T) IDs0 0.25 mM
lymphosarcoma cells ’ 1987)
Hamster 4.5 mM HCHO 1.5 hrs; 82% viability at 4.5 (Marinari et al.,
0, . .
Hamster ' . 0.2 mM 16% HCHO 1 hr; Comet assay; (Speit et al.
V79 lung epithelial (ultrapure - ND “E“"“"“"“"“““Lb
cells Methanol free) 2007b)
Human 1 hr; alkaline elution (Grafstrom et al.,
0,
Bronchial epithelial 0.1 mM 37% HCHO + ND technique; (T) at 0.3 mM 1983)
cell
1 hr; SSB dose-dependent 1;
) 9 ’ ' |(Grafstrom et al,,
0.3 mM 37% HCHO + ND |SSB 3 times higher than XP (
(w/w) 1984)
cells s
Human 1 hr; alkaline elution .
) ’ Saladino et al.,
Lung/bronchial ?c;n:qn(\wﬂe?c(i:a}:)o + ND [technigue; (T} 0.021 mM IDso (
epithelial cells by growth inhibition 1983)
1 hr; alkaline elution
) ’ Grafstrom et al.,
0.1 mM H(.:HO + ND [technique; (T} at 0.3 mM by (
{commercial) 1986)
CFE e
0.8 mM 37%HCHO| + | ND |1hr;alkaline elution; (Fornace, 1982)
Human 8-72 hrs; Dose-dependent in 7
Lung/bronchial 1.0 mM HCHO DSB formation; DSB formed
epithelial (A543) cells |(commercial) * ND when viability, determined by (Vock et al., 1999)
MTT assay, was >60%
Human 20 hrs
Skin keratinocytes/ |01 mMHCHO (NS) | - | ND (Emri et al., 2004)
fibroblasts
Human 0.3 mM 37% HCHO 1hr; S5B dose-dependent T |(Grafstrom et al.,
- + ND
XP fibroblasts (w/w) 1984)
Human 0.1 mM 37% HCHO 0.5 hr; nick translation assay; |(Snyder and van
- + ND ;
Foreskin fibroblasts |4 10% Methanol low doses induce SSB Houten, 1986)
nnnnnnsnnnnnnannnnnn A A s
0.25 mM 37% O.S.hr; alkal.lne sucros.e . (Snyder and van
HCHO + 10% - ND |sedimentation analysis; high
Methanol doses don't induce SSB Houten, 1986)
Human 1 hr; Comet assay; (T) 2 100
0.005 mM 109
HelLa cells m % + ND |uM after 12 hrs; SSB repaired |(LICM, 2006)
formalin - .
within 90 min
Human o 1 hr; comet assay; KCI/SDS
Lymphocyte, ?o(r)gwi\::vl 10% + ND |assay; nonlinear dose- (LICM, 2006)
peripheral blood dependent 1 2 50 pM HCHO

Sister chramatid exchanges [5CE)
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Results®

Dose/ Comments {duration;

Test system Concentration® m endpoint method; toxicity) Reference
Hamster 0.03 mM 37% 24 hrs; BrdU incorporation; (Obe and Beek
CHO cells HCHO with 10% + ND |SCE dose-dependent 7 :

methanol 1979)
0.04 mM HCHO @ | e 26 hrs; BrdU incorporation- (Galloway et al.,
{commercial) FPG technique 1985)
0.2 mM PEA in 2 hrs; BrdU |ncorp9rat|on; (Natarajan et al.,
+ + |dose-dependent 7 in SCE +/-
water 1983)
S9; T
Hamster 2 hrs; BrdU incorporation-FPG
CHO cells (AA8) and  |0.15 mM HCHO . ND technique; dose-dependent I |(Lorenti Garcia et
their mutants (UV4, {commercial) in CAs al., 2009)
UVv5, UVe1, KO40)
Hamster o 24 hrs; BrdU incorporation;
Embryo cells 0.01 mM 37% dose-dependent 1 in SCE; (T) |(Miyachi and
HCHO/7-13% * | ND |y relative CE 68% at 0.033 i
Methanol; y o at 0. Tsutsui, 2005)
mM
Hamster 0.05 mM 16% + ND |24 or 28 hrs exposure to HCHO (Speit et al.
V79 lung epithelial HCHO (ultrapure, and BrdU; Aneuploidy and 2011a)
cells methanol-free) Toxicity measured by SCE and
Pl, respectively.
0.06 mM 37% i Pty ra hepatocytes
. N 3 s
:(;':rgnwjh 10% * (T) at 0.54 mM (+59) and 0.2 | 2asler et al., 1985)
mM (-S9)
0.1 mM 16% HCHO 2 hrs; BrdU labeling; SCE 2 0.1 (Speit et al
kS D .
(ultrapure + ND |mM; genotoxicity paralleled
Methanol free); cytotoxicity; (T) 2 0.1 mM by Pi 2007b)
0.1 mM 16% HCHO 1 hr; BrdU labeling; SCE dose- (Neuss and Speit
(ultrapure + ND l|dependent T 0.1-0.2 mM) *
Methanol free); 2008)
4 hrs; BrdU labeling; dose-
0,
0.1 mM 16% HCHO dependent in SCE; (T)at 0.2 |(Speit et al.,
(ultrapure + ND MM by cell
Methanol free); y . S 20083
counts/proliferation index;
4 hrs; BrdU incorporation; :
. ’ ’ Merk and Speit,
?ciiqsmn;?/li:?Ho + ND |dose-dependent 1 in SCE; (T) ( 2
by relative CE 20.125 mM 1998)
4 hrs; BrdU incorporation; .
. ’ ’ Merk and Speit,
?ciiqsmn;?/li:?Ho + ND |dose-dependent 1 in SCE; (T) ( 2
by relative CE 2 0.25 mM 1999
0.13 mM 37% 2 hrs; (T) at 0.54 mM
HCHO with 10% + | ND (Basler et al., 1985)
methanol
0.13 mM; 0.20 mM 3 hrs; (T) at 0.4 mM (-S9)
379% HCHO with + - (Basler et al., 1985)
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b
Dose/ Results Comments (duration;
Test system Concentration® m endpoint method; toxicity) Reference
10% methanol
0, . H N - N
Human ' _ 0.1 mM 16% HCHO 1 hr; BrdU labeling; SCE dose (Neuss and Speit,
A549 lung epithelial (ultrapure + ND [dependent T (0.1-0.3 mM)
cells Methanol free); 2008)
Human o 1 hr; BrdU labeling; SCE dose-
A543 + V79 (co- 0.05 mM 16% dependent P (0.05-0.2 mM); |(Neuss and Speit,
. HCHO (ultrapure + ND
cultivated) Methanol free); treated A549 cells not washed |2008)
! before adding V79 cells
Human 0.3 mM 16% HCHO 1 hr; BrdU labeling; treated :
’ ’ Neuss and Speit,
A549 + V79 {co- (ultrapure - ND (A549 cells washed before ( 2
cultivated) Methanol free); adding V79 cells 2008)
Human 0.125 mM 1 hr,: Brdq IabAellhgh;A (Schmid et al,
Lymphocytes 37% HCHO + 10% + + |proliferation inhibition at 1 M | ="
Methanol (-59) and 0.5 mM (+59) 1986)
0.167 mM 24 hrs; BrdU |ncorporat|on; (Obe and Beek,
37% HCHO + 10% + ND |dose-dependent T in SCE
Methanol 1979)
72 hrs; BrdU incorporation
with fluorescence + Giemsa
0.167 mM + | no method; (T} 20.33 mM and (Krieger et al.,
formalin or PFA similar for formalin and PFA;  11983)
dose-dependent P for
formalin reported
0, . H . - . .
Human 0.2 mM 16% HCHO 72 hrs; BrdU labeling; no dose (Schmid and Speit,
Whole blood cultures |{ultrapure + ND |response; (T} at 0.2 mM by PI
Methanol free) 2007)

Unscheduled DNA synthesis (UDS)

Rat 18-20 hrs; [*H]dThd (Williams et al
Hepatocytes 400 mM HCHO (NS) | + ND |incorporation and =

autoradiography 19833)

.3 i H
Human = 151 mM 37% HCHO 22 hrs; PH]dThd incorporation | iy o ittle et al.,
Bronchial epithelial (reagent grade sol.) | ND |and autoradiography; (T} 2 1
cells sente : mM 1985)
Human 0.5 mM 37% HCHO ND 0.5 hr; UDS (Snyder and van
Foreskin fibroblasts |+ 10% Methanol Houten, 1986)
Human 1 hr; [PH-Thymidine] (Grafstrom et al.,
0,
Bronchial fibroblasts |1 MM 37% HCHO - ND incorporation. 1983)
. f3 i H .

Human 0.1 mM HCHO (37% L hr; PH]dThd incorporation; | 15 10504 chi and
Embryo cells sol) + ND |dose-dependent I in UDS :

(0.1-1 mM) Tsutui, 2000)
Human 0.001 mM HCHO 2.5 hrs; [*H]dThd (Martin et al.
Hela cells (commercial) + ND incorporation 1978)

DNA repair inhibition
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Results®

Dose/ Comments {duration;
Test system Concentration® m endpoint method; toxicity) Reference
Human 0.5 hr after exposure to UVB
skin 0.01 mM HCHO .
keratinocytes/fibrobla |(NS) * ND (Emri et al.,, 2004)
sts
Human 2 hrs
Normal, XPA and FA  |0.125 mM HCHO .
. . . + | ND (Speit et al., 2000)
repair deficient {commercial)
fibroblasts
Cell transformation
Mouse 24 hrs; HCHO treatment
Embryo 0.003 mM HCHO + | no followed by TPA treatment,  |(Boreiko and
fibroblast/C3H10TY/ 2 |(37%) transformation +ve and dose- |Ragan, 1983)
cells dependent; (T} 2 0.017 mM
24 hrs HCHO, 6 wks to
medium + TPA. HCHO +TPA
0.017 mM HCHO +ve, dose-dependent T (0.017- R
agan and
(37% w/w) + ND |0.34 mM); HCHO alone -ve (“"""g",";""“"
exposure (0.083 mM); methano + TPA or Boreiko, 1981)
formic acid + TPA -ve. HCHO
cytotoxic at 0.033 mM
Mouse 4 hrs initiation with 0.5 pug/mL
Embryo ??;(;;gwn}x)HCHo 4] | ND MNNG, promotion on days 5, |(Frazelle et al.,
fibroblast/C3H10TY/, 3 8, 15, 22, 29, 36 with HCHO 1983)
exposure; . . ST
cells with change of medium
Hamster 3 hrs; Style's cell
Kidney cell/BHK- 0.03 mM HCHO transformatfon assay; (Plesner and
21/cl.13 37% aq.50| + + {transformation dose- T
©2g.50% dependent P (0.03-0.67 mM); Hansen, 1983)
(T2 0.67 mM
Aneuploidy
Hamster 0.3 mM HCHO (Not | + ND |4 hrs; Wright's stain and G- (Kumari et al.
CHO cells (WT & XPF- |Specified) banding; +ve for tetraploidies 2012)
deficient) and polyploidies
Hamster 0.05 mM HCHO, - ND |7 d exposure; FISH analysis; (T) |(Kuehner et al.,
V79 lung epithelial 16% ultra-pure, at 0.05 mM by CFA 2012)
cells methanol-free
Hamster 0.1 mM HCHO, 16% | - ND |24 or 28 hrs exposure to HCHO (Speit et al.
V79 lung epithelial ultra-pure, and BrdU; Aneuploidy and 2011a)
cells methanol-free Toxicity measured by SCE and
Pl, respectively.
Human 0.05 mM HCHO, - ND |14 d exposure; FISH analysis; |(Kuehner et al.,
A549 lung epithelial 16% ultra-pure, (T) at 0.02 mM by CFA 2012)
cells methanol-free
Human 0.05 mM HCHO, - ND |9 d exposure; Aneuploidyin  |(Kuehner et al.,
myeloid progenitor 16% ultra-pure, chromosomes 6, 7, and 8 2012)
cells methanol-free tested by FISH analysis; (T) at
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b
Dose/ Results Comments (duration;
Test system Concentration® m endpoint method; toxicity) Reference

0.1 mM by CFA
Human 0.05 mM HCHO + ND |5 d; FISH analysis; Combined |(Ji et al., 2014)
erythropoietic stem (37% +10-15% analysis of monosomies or
cells methanol) trisomies of 7 and 8 are

positive.

#lowest effective concentration (LEC) for positive results or highest ineffective concentration tested (HIC) for
negative or equivocal results.

b+ = positive; — = negative; (+), equivocal.

6-TG, 6-thioguanine; CF, colony formation; FA, Fanconi anemia; FDH, formaldehyde dehydrogenase; FPG,
fluorescence plus Giemsa technigue; HCHO, formaldehyde; hmdA, hydroxymethyl-deoxyadenosine; hmdg,
hydroxymethyl-deoxyguanosine; hmDNA, hydroxymethyl-DNA; HPRT, hypoxanthine phosphoribosyl transferase;
iDso, HCHO concentration causing 50% growth inhibition compared to control cells; MF, mutation frequency; MN,
micronucleus; NAD, nicotinamide adenine dinuclectide; ND, not done; NDI, nuclear division index; NR, not
reported; NS, not specified; PFA, paraformaldehyde; PCC, premature chromosome condensation; Pl, proliferation
index; SCC, squamous cell carcinoma; SCE, sister chromatid exchange; (T), toxicity or cytotoxicity; TK, thymidine
kinase; XP, xeroderma pigmentosum; AAS8, parental CHO cells; CHO cell mutants deficient in nucleotide excision
repair (UV4 & UV5), or transcription-coupled repair (UV61) or crosslink repair-deficient (KO40).

Summary on in vitro genotoxicity of formaldehyde

In vitro genotoxicity of formaldehyde has been reported in several mammalian cell culture
systems (see Table A-21). Formaldehyde is mutagenic in several mouse lymphoma cells, Chinese
hamster ovary (CHO) and hamster lung epithelial (V79) cells, human lung epithelial carcinoma
{A549) cell line, fibroblasts, gastric mucosa cells, and human peripheral blood lymphocytes (PBLs)
and lymphoblasts. As shown in Table A-21, several genotoxicity endpoints, such as DNA-protein
crosslinks, hydroxymethyl-DNA adducts, single strand breaks, cytogenetic markers, such as
micronucleus, chromosomal aberrations, and sister chromatid exchanges, and other genotoxic end
points, such as unscheduled DNA synthesis, DNA repair inhibition, and cell transformation have
been demonstrated in animal and human cell systems.

Cell lines derived from formaldehyde-induced rat nasal squamous cell carcinomas showed
p53 mutations and the mutant cells were tumorigenic when injected in nude mice, suggesting the
mutagenicity and carcinogenicity of formaldehyde. Further, formaldehyde induced deletions and
point mutations at the thymidine kinase (tk) locus in cultured mouse lymphoma cells and human
lymphoblasts or at the hypoxanthine phosphoribosyl transferase (hprt} locus in CHO and V79 cells,
and the mutations showed a dose-dependent increase. Further, these mutations contained base
substitutions at the AT base pairs at both these loci.

Evidence of formaldehyde-induced genotoxicity was observed in rodent and human cells
wherein a dose-dependent increase in DPX formation was reported over a range of formaldehyde
concentrations (0.01-0.0625 mM) (see Table A-21). DPX are formed within an hour of exposure
and removed within 24 hrs after formaldehyde removal in cultured human cells. The average half-
life (t1/2) of DPX is 2-3 hours in xeroderma pigmentosum (XP} fibroblasts, 12.5 hours in Ad293
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kidney cells and A549 cells, and 18.1 hours (range 1-60 hours} in PBLs. The higher removal time in
PBLs is either due to low levels of glutathione in lymphocytes or inefficient repair. Thus, the
existing data suggest that repair of DPX depends on the cell type. The removal of DPX is carried out
either by spontaneous hydrolysis or other DNA repair processes; however, no difference in DPX
removal has been observed between normal human fibroblasts and fibroblasts from XP or Fanconi
anemia cell line, suggesting a lack of involvement of nuclecotide excision repair in the repair process.
In proliferating cells, unrepaired DPX can arrest DNA replication and lead to the induction of other
genotoxic effects such as SCEs. Further evidence of DNA reactivity was observed in CHO cells, HeLa
cells, and human nasal epithelial cells wherein formaldehyde induced hm-DNA adducts.

Among the other types of genotoxicity, formaldehyde induced SSBs in several mammalian
cell systems, including mouse leukemia cells; rat primary hepatocytes, tracheal epithelial cells, and
lymphosarcoma cells; and human lung/bronchial epithelial cells, A549 and HeLa cells, skin
fibroblasts, and PBLs, within an hour of exposure (see Table A-21}. It has been shown that SSBs can
be formed directly in lung/bronchial epithelial cells with formaldehyde exposure, independent of
DNA repair.

Several studies have demonstrated formaldehyde-induced cytogenetic markers (CAs, MN
and SCEs} in different rodent and human primary cells and cell lines {see Table A-21). For example,
CAs are induced in CHO cells (normal and DNA repair deficient}, V79 cells, and hamster embryo
cells, with a dose-dependent increase in human fibroblasts and lymphocytes. Further evidence
exists for formaldehyde-induced clastogenic effect as observed by MN induction in V79 cells and a
dose-dependent increase in MN induction in both human whole blood cultures and normal and
repair deficient fibroblast cells. Furthermore, formaldehyde induced SCEs in CHO cells (normal and
repair-deficient} and V79 cells at various concentrations (0.01-0.5 mM). The dose-dependent
increase in SCE was higher in mutant CHO cells compared to the normal counterparts, suggesting
the importance of DNA repair in SCE removal. Exposure of A549 cells for 1 hour with formaldehyde
or co-culturing the exposed A549 cells with unexposed V79 cells beyond 1 hour induces SCE in both
cell types, suggesting that formaldehyde is active in the medium for a longer time and continues to
induce genotoxicity in spite of the high reactivity of formaldehyde with macromolecules.

In addition, formaldehyde induces DNA repair inhibition in normal as well repair-deficient
fibroblasts derived from XP and Fanconi anemia patients. In mouse embryo fibroblasts,
formaldehyde acts as a potential initiator with a dose-dependent increase in cell transformation but
acts as a weak promoter in hamster kidney cells. Overall, there is significant evidence that

formaldehyde is genotoxic and mutagenic in several human and rodent cell culture systems.

A.4.5. Genotoxicity of Formaldehyde in Experimental Animals

In experimental animals, formaldehyde has been shown to induce DNA adducts, DPXs,
DDXs, SSBs, cytogenetic alterations, such as, MN, SCEs, CAs, and mutations, as summarized in Table
A-22.

This document is a draft for review purposes only and does not constitute Agency policy.

A-117 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00133



W 0~ O U W N

IR
o)

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Supplemental Information for Formaldehyde—Inhalation

DNA reactivity and DNA damage

Formaldehyde is highly DNA reactive. Based on numerous experimental animal studies
across several species, exposure has been shown to cause damage at the site of contact and/or
portal of entry (POE), including the formation of DNA adducts, DPXs, DDXs, SSBs and other
cytogenetic effects (see Table A-22}. In addition, some animal studies have reported evidence of
effects on DNA at sites distal to the POE; however, these observations were not highly consistent
across the available studies (acknowledging that the primary focus of most studies was the POE),
and interpretations are complicated by the frequent use of test articles presumed to introduce
methanol co-exposure (see Table A-22). This limitation is of significant concern for changes
observed outside of the POE.

DNA adducts

Beland et al. {1984} demonstrated the formation of hmDNA mono adducts (e.g., Ne-hmdA)
from the in vitro reaction of formaldehyde with calf thymus DNA (see Section A.4.4). The hmDNA
adducts are labile in nature and hence they were detected as methylDNA (me-DNA} adducts after
chemically reducing them with NaBH;CN followed by LC/MS analysis (Luetal, 2011; Mgeller et al.,
2011; Luetal, 2010a; Wang et al,, 2009a; Wang et al., 2007b]). Using [13CD;]-formaldehyde

inhalation exposures or orally administered [13CD4]-methanol, one research group has reported the

development of an LC/MS method that distinguishes formaldehyde-induced hmDNA mono adducts
and DNA-DNA crosslinks originating from endogenous and exogenous exposures in different
tissues of rats (Luetal, 2012b; Luetal, 2011; Lu et al., 2010a) and monkeys (Meeller et al., 2011).
Luetal. (2010a)} exposed F344 rats to a single dose of 12.3 mg/m3 13CD;-formaldehyde by
inhalation for 1 and 5 days. The authors detected three forms of endogenous DNA damage, i.e., the
N2-hmdG and Né-hmdA mono adducts and dG-CH»-dG crosslinks, in all tested tissues {nose, lung,
liver, spleen, bone marrow, thymus, and blood}. The exogenous N2-hmdG adduct and dG-CH»-dG

crosslinks were detectable only in nasal tissue and their levels increased from 1 day to 5 days of
exposure. However, the exogenous Né-hmdAdo adducts were not detectable in any of the tissues
analyzed {Lu et al., 2010a).

The same group of investigators also exposed F344 rats to inhaled [13CD;]-formaldehyde

{0.9 to 18.7 mg/m?) for 6 hours and measured N2-hmdG adducts in the nasal epithelium (Lu et al.
2011). While both the endogenous and exogenous hmDNA adducts were analyzed in exposed rats,
this study did not report the use of unexposed controls. Compared to the 13C-labeled exogenous
mono adducts formed by exposures up to 11.2 mg/ms3, endogenous N2-hmdG adducts formed at
levels between 1.7 and over 90-fold higher, showing considerable variation in adduct levels across
doses. Although the exogenous N2-hmdG adducts exhibited a nonlinear increase over the range of
concentrations tested, their levels appeared to be above endogenous levels only at the highest

formaldehyde concentration tested.
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Further, the same group of investigators studied the distribution of hmDNA adducts in
Cynomolgus monkeys that were exposed by inhalation to 2.34 or 7.5 mg/m3 of 13CD,-formaldehyde
{6 hours/day for 2 days} (Moeller et al.,, 2011). Endogenous N2-hmdG mono adducts were detected

in the nasal maxilloturbinates and bone marrow, but exogenous DNA adducts were only detectable

in the maxilloturbinates. The endogenous tissue levels of hmDNA adducts were 5-10 fold higher
than corresponding exogenous adduct levels.

Recently, another study from the same research group examined endogenous and
exogenous hm-DNA adducts in rats exposed to low levels of [13CD;]-formaldehyde (1, 30, and 300
ppb) by nose-only inhalation for 28 days (Leng et al., 2019). The authors reported detectable levels

of endogenous, but not exogenous hm-DNA adducts in several tissues including those in lower or
upper respiratory tract (nasal epithelium, trachea and lung}, blood and bone marrow, and in tissues
other than respiratory tract, bone marrow and blood cells. Thus, any exogenous formaldehyde-
induced hm-DNA adducts are below the limit of detection for exposure concentrations up to 300
ppb (Leng et al., 2019).

In addition to inhalation exposures, hmDNA adducts have been measured after exposure to

chemicals (i.e, nitrosamines, methanol} that are metabolized to formaldehyde (Lu et al., 2012b;
Wang et al., 2007b). Wang et al. {(2007b) have detected the N6-hmdA adduct in the liver and lung of
rats injected subcutaneously with the tobacco-specific nitrosamines, N-nitrosodimethylamine
(NDMAJ}, or 4-(methylnitrosamino}-1-(3-pyridyl}-1-butanone (NNK} at 0, 0.025, and 0.01 mmol/kg

b.w. doses. The Ne-hmdA adduct showed a dose-response formation with both nitrosamines and

was also detected endogenously in saline controls, albeit at low levels. Compared to saline controls,
Ne-hmdA levels in exposed rats were 4.5- to 15-fold higher in the liver, and 2.2- to 3.8-fold higher in
the lung. Following gavage exposure with 500 and 2,000 mg/kg [13CD4]-labeled methanol, hmDNA
adducts were detectable in several tissues of Sprague-Dawley rats, including bone marrow (Lu et

al, 2012b). In this study, the authors also analyzed an unexposed control group. A dose-dependent

increase in exogenous N2-hmdG adducts was reported in several tissues including bone marrow,
suggesting that exogenous methanol is transported to bone marrow where it is converted to
formaldehyde and results in the formation of exogenous hmDNA adducts that are identical to
endogenous formaldehyde mono adducts. Interestingly however, the levels of endogenous N2-
hmdG adducts, but not Ne-hmdA adducts, in methanol-exposed animals were significantly increased
in several tissues compared to endogenous N2-hmdG adduct levels in the corresponding tissues of
unexposed controls. This observation suggests that exposure to exogenous methanol affects the
formation and/or persistence of the endogenous N2-hmdgG, but not Ne-hmdA adducts, which may
have also occurred in an earlier rat study that did not report the use of unexposed controls (Lu et
al., 2011). From these studies, it appears that hmDNA adducts are likely to be formed in distal

tissues when formaldehyde is produced as a metabolite of chemicals such as methanol (Lu et al.,
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inhaled formaldehyde, seems to produce formaldehyde-specific adducts in distal tissues of

experimental animals.

DNA-protein crosslinks

Several in vivo studies involving rodents and monkeys have demonstrated DPX formation
following inhalation exposure to formaldehyde (see Table A-22). In rats, several short- and long-
term inhalation exposures of formaldehyde have been shown to induce DPX formation in nasal
passages. For example, inhalation exposure to formaldehyde induced DPX in nasal mucosa with a

single 3-hour {Casanova and Heck, 1987; Heck and Casanova, 1987) or 6-hour exposure (Casanova

et al., 1989; Lam et al., 1985} or 6 hours daily exposure for 2 days (Casanova-Schmitz et al., 1984b;
Casanova-Schmitz and Heck, 1983).

DPX levels have been measured from the nasal lateral meatus, medial meatus, and posterior

meatus (Casanova et al., 1994} or the entire nasal cavity showing a nonlinear dose-response effect

at and above 0.37 mg/m?3 dose (Casanova et al., 1989} after inhalation of *C-formaldehyde. These

sites have been shown to be associated with a high tumor incidence (Morgan et al., 1986b) or

cellular proliferation (Monticello et al,, 1991; Monticello et al., 1989) in chronic formaldehyde

exposure studies in rats.

respiratory, but not olfactory mucosa, at 27.37 mg/m?3 of formaldehyde exposure of rats with a
linear increase in the exposure range of 2.46~36.8 mg/m3. The inability of this study to detect DPXs
at lower levels of formaldehyde exposure is likely due to the protective mechanism of GSH, which
catalyzes the oxidative metabolism of formaldehyde to formate. Lam etal. {(1985) have shown that
co-exposure of rats with 4.6 mg/m?acrolein and 7.4 mg/m?3 formaldehyde for 6 hours resulted in
higher DPX in the nasal mucosa of rats compared to the rats given formaldehyde alone, suggesting
that GSH depletion by acrolein enhanced the macromolecule binding of formaldehyde. The same
group in a different study did not detect DPX formation in the olfactory mucosa and bone marrow

even at high exposure concentration of 18.42 mg/m? (Casanova-Schmitz et al., 1984b).

Casanova and Heck (1987) reported that GSH depletion caused an increase in DPX
formation in the IF-DNA of the nasal mucosa of F344 rats when a dual-isotope (3H/1*C) method was
used. The dual isotope method distinguished between metabolic incorporation and covalent
binding of formaldehyde. Formaldehyde is oxidized to formate, losing one hydrogen atom
(indicated by a decrease in the 3H/14C ratio}, and becomes metabolically incorporated into
macromolecules. However, when GSH is not available {depleted), it leaves residual (unoxidized)
formaldehyde to covalently bind to DNA, forming DPX. However, the residual formaldehyde may
form adducts by reacting with deoxyribonucleosides in the DNA hydrolysates, which could also lead
to an overestimation of the amount of DNA-bound formaldehyde. Casanova et al. (1989) used an
improved method which is based on the determination of the total 1*C-formaldehyde bound to DNA.
This study showed that formaldehyde was exclusively bound to IF DNA, indicating the formation of
DPXs. Hydrolysis of DPXs in different samples quantitatively released formaldehyde. DPX
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formation was detectable at all concentrations (0.37-12.3 mg/m3 for 6 hours) of formaldehyde
exposure. Overall, these studies show that formaldehyde induces DPXs in nasal epithelial cells of
rodents. However, there are no published rodent studies that assess DPXs beyond the nasal
passages of the upper respiratory tract. Neuss et al. (2010b]} did not detect a significant increase in
DPX formation, as determined by Comet assay in the bronchoalveolar lavage (BAL} cells of F344
rats exposed up to 18.45 mg/m3 formaldehyde by whole-body inhalation compared to controls.
DPXs were also found in the nasal mucosa and extranasal tissues of rhesus monkeys
exposed to 0.86, 2.45, or 7.36 mg/m? formaldehyde 6 hours/day for 3 days (Casanovaetal., 1991).

These data were used as a basis for cross-species prediction of formaldehyde-induced DPXs in

humans. The presence of DPXs in rhesus monkeys confirms formaldehyde’s DNA reactivity as a
general effect. Additionally, DPXs were detected in the larynx/trachea/carina (pooled sample) and
in intrapulmonary airways of monkeys exposed to 2.5 or 7.4 mg/m3 formaldehyde. These data
demonstrate direct effects of formaldehyde on DNA of tissues that correspond to observed tumor
sites (e.g., nasal and nasopharynx) in humans.

Recent studies by Lai et al. (2016) have shown that DPXs formed by endogenous
formaldehyde were detectable in tissues at the portal of entry (nose} as well as at distal tissues
{e.g., blood cells, and bone marrow) in rats or monkeys. However, when either species was exposed
to [13CD;]-labeled formaldehyde, exogenous DPXs were detectable only in the respiratory tissues.
In rats, exogenous DPXs accumulated over a 28-day period of exposure and remained up to one
week after removal of exposure, suggesting that DPXs might be repaired slowly (see Table A-22}.

Recently, another study from the same research group examined endogenous and
exogenous DPX adducts in rats exposed to low levels of [13CD,]-formaldehyde (1, 30, and 300 ppb)
by nose-only inhalation for 28 days (Leng et al., 2019). The authors reported detectable levels of

endogenous, but not exogenous DPXs in several tissues including those in lower or upper
respiratory tract (nasal epithelium, trachea and lung), blood and bone marrow, and in tissues other
than respiratory tract, bone marrow and blood cells. Thus, any exogenous formaldehyde-induced
DPX adducts are below the limit of detection for exposure concentrations up to 300 ppb (Leng et al.,
2019).

DNA-DNA crosslinks
There is limited evidence showing the formation of DNA-DNA crosslinks (DDX]) induced by

epithelium of F344 rats exposed to 12.3 mg/m? formaldehyde for 1 or 5 days {6 hours/day]}.
However, roughly 65% of the dG-CH-dG crosslinks were considered artifacts formed during
sample workup and storage. Wang et al. (2007b} reported very low levels of dA-CH2-dA crosslinks
of formaldehyde in rats exposed to NDMA and NNK, but cautioned that these crosslinks may be
generated artifactually upon DNA storage. Thus, the DDX may not be a useful biomarker of

formaldehyde exposure.
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DNA SSBs by alkaline elution

and Liu, 2006} and rats {Sul et al,, 2007; Im et al., 2006), as summarized in Table A-22.
Im et al. (2006) reported a dose-dependent increase in DNA damage as analyzed by the

comet assay in both PBLs and livers of Sprague-Dawley rats exposed by inhalation to 6.14 and 12.3
mg/m?3 formaldehyde. In the same strain of rats, Sul et al. (2007) also observed a dose-dependent
increase in SSBs in lung epithelial cells following inhalation exposure to 0, 6.15, and 12.3 mg/m?3
formaldehyde for 2 weeks (6 hours/day, 5 days/wk). In a developmental toxicity study, pregnant
mice injected i.p. with formaldehyde from gestational days 6 to 19 exhibited DNA damage in
maternal as well as fetal liver at 0.2 and 1 mg/kg, respectively (Wang and Liu, 2006).

Cytogenetic markers of genotoxicity

Micronucleus

Few studies examined the effect of formaldehyde exposure on MN induction in rodents by
exposing the animals by inhalation, i.p. injection, or gavage as summarized in Table A-22.

Inhalation exposure studies in rats were negative, while studies that used formalin by gavage in

mice (Ward et al., 1983} and rats (Migliore et al., 1989) were positive for MN formation. Speit and
coworkers did not observe MN formation in the peripheral blood cells (Speit et al,, 2009) and BAL
cells (Neuss et al., 2010b) of F344 rats exposed to 0, 62, 1.23, 7.38, 12.3, and 18.45 mg/m3

formaldehyde. However, the Neuss et al. (2018b} study did not report the use of a positive control

for MN induction, while in the other two studies, the use of cyclophosphamide as a positive control

did not appear to induce a high MN count or showed results within the range of control values

chromosomal aberrations {e.g., breaks, exchanges, aberrant chromosomes with and without gaps}
in femoral bone marrow cells of mice dosed with formalin (100 mg/kg) or methanol (1,000 mg/kg).
The cytogenetic effects seen in bone marrow suggest that the formalin or methanol given by gavage
was able to reach bone marrow and induce genotoxicity. Similarly, Migliore et al. {1989) observed
MN formation in the gastric epithelial cells of Sprague-Dawley rats exposed to a single dose of

formalin (200 mg/kg). Lastly, Liu et al. (2017} have shown that inhalation exposure to

formaldehyde in ICR mice for 20 weeks caused a significant increase in the ratio of polychromatic
erythrocytes/normochromatic erythrocytes, but not micronuclei induction in bone marrow (Liu et
al, 2017).

Sister chromatid exchanges

Few studies examined the effect of formaldehyde exposure on SCEs in mice and rats. Two

of the three studies in rats were negative for SCEs in blood cells (Speit et al., 2009; Kligerman et al.,

1984, both of these studies used inhalation exposure to 18.45 mg/m3 formaldehyde for 6
hours/day, 5 days/week for 4 weeks.
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In an inhalation study, Brusick (1983} exposed CD-1 mice to target concentrations of 0,
7.38,14.76, or 30.75 mg/m? formaldehyde vapors for 6 hours/day for 4-5 days. Significantly high
levels of SCEs/cell were reported in the bone marrow of female mice both at the mid and high
concentrations, while the low-concentration group had levels that were not statistically significant
from the control group. Thus, formaldehyde exposure has provided equivocal results on the SCEs

in rodents.

Chromosomal aberrations

Few studies reported the effect of formaldehyde inhalation on CA induction in rodents and
these results were mixed (see Table A-22).

Kligerman et al. (1984} found no difference in the incidence of SCEs or CAs and mitetic
index in the PBLs of male and female F344 rats exposed to formaldehyde for 5 days up to 18.45
mg/m?3 dose. Also, Dallas et al. (1992) reported no clastogenic effects in bone marrow of Sprague-
Dawley rats exposed at the same concentration of formaldehyde for 8 weeks. However, the authors
observed a modest, but statistically significant increase (1.7- to 1.8-fold} in CAs in pulmonary
lavage cells at the high dose (18.45 mg/m?) compared to controls, but not at lower doses [0.61 and
3.7 mg/m3 (Dallas et al,, 1992}].

Speit et al. (2009) investigated the genotoxicity of formaldehyde in peripheral blood

samples of Fischer-344 rats exposed to 0 to 18.45 mg/m? formaldehyde for 4 weeks (6 hours/day,
5 days/week). Compared to controls, the authors found no significant increase in genotoxicity
assays such as the comet assay (with or without y-irradiation of blood samples), the SCEs assay, and
micronucleus test. Earlier studies by Casanova-Schmitz et al. {1984b) showed that formaldehyde
does not cause toxicity to bone marrow. Following formaldehyde exposure by i.p. injection in mice,

data were negative for CAs in spermatocytes (Fontignie-Houbrechts et al., 1982; Fontignie-

Houbrechts, 1981) and polychromatic erythrocytes (Natarajan et al., 1983}, while Gomaa et al.
{2012]) demonstrated an increase in chromosomal aberrations in bone marrow cells of adult male
albino rats exposed to formaldehyde at 0.2 mg/kg/day i.p injection for 4 weeks. injection in mice,

data were negative for CAs in spermatocytes (Fontignie-Houbrechts et al., 1982; Fontignie-

Houbrechts, 1981) and polychromatic erythrocytes (Natarajan et al., 1983}, while Gomaa et al.

(2012} demonstrated an increase in chromosomal aberrations in bone marrow cells of adult male
albino rats exposed to formaldehyde at 0.2 mg/kg/day i.p injection for 4 weeks. Oral
administration of formaldehyde to rats showed positive results for CAs in the gastric epithelial cells
{Migliore et al., 1989).

Since many leukemogens initiate leukemogenesis by directly damaging the hematopoietic

formaldehyde exposure either in vivo or ex vive. They exposed either BALB/c mice to 3 mg/m3
formaldehyde by inhalation for 2 weeks or by ex vivo to cells from bone marrow, lung, nose, and

spleen with 0, 50, 100, and 400 uM formaldehyde for 1 hour. Using a myeloid progenitor colony
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formation (MPCF) assay, they have shown that formaldehyde exposure caused a decrease in bust-
forming unit-erythroid (BFU-E} and colony-forming unit-granulocyte, macrophage (CFU-GM}
colonies in all the four tissues from both in vive and ex vivo (up to 400 uM}) exposure to
formaldehyde. The authors conclude that their study confirms the presence of HSP/HPC in mouse

lung and nose and hypothesize that following formaldehyde-induced DNA damage at the point of

entry these damaged stem cells possibly migrate to bone marrow and induce leukemia (Zhae et al.
2020). However, the formaldehyde used in this study was generated from 10% formalin which
contains methanol added as a stablizer; it is likely that methanol could also contribute to the
outcome, preventing attribution of the results to formaldehyde alone.

Overall, inhalation exposure to formaldehyde has produced mixed and equivocal results in
rodents for cytogenetic markers of genotoxicity. Formaldehyde did not induce MN in bone marrow

cells of male Sprague-Dawley rats (Dallas et al., 1992) and caused no increase in the frequency of

SCEs or CAs and mitotic index in blood lymphocytes of F344 rats of either sex (Kligerman et al.,

1984). However, a modest, but statistically significant, increase {1.7- to 1.8-fold} in CAs has been
observed in pulmonary lavage cells of Sprague-Dawley rats after exposure to 18.45 mg/m?3 (Dallas
etal., 1992) and a significant increase in CAs in bone marrow cells of female Wistar rats exposed to

1.5 mg/ms3 formaldehyde (Kitaeva et al., 1990); however, the latter finding involved methanol co-

exposure, reducing confidence in these results. Also, formaldehyde exposure by inhalation in CD-1
that inhaled formaldehyde may be able to induce cytogenetic effects in distal tissues with repeated

exposures, possibly only at very high formaldehyde concentrations.

Mutations

Formaldehyde exposure has been shown to induce mixed results for mutations in several
test systems as summarized in Table A-22. The dominant lethal mutation test has been performed
using mice and rats, where males were exposed to formaldehyde or formalin vapors by inhalation
or 1.p. injection, mated with females, and where mutations were then scored in the offspring. In two

of these studies, formaldehyde injected i.p. to CD-1 mice was negative for dominant lethal

mutations (Epstein et al, 1972; Epstein and Shafner, 1968), while another study which used a
higher dose (50 mg/kg) of formaldehyde showed weakly positive results (Fontignie-Houbrechts,

1981). Specific pathogen-free ICR mice exposed to inhaled formaldehyde were positive for

dominant lethal mutations (Liu et al., 2009b). In this study, mutation rates were dose dependent

and mainly inherited from the paternal germ line.

Recio et al. (1992} demonstrated point mutations in the GC base pairs of the p53 tumor
suppressor gene in 45% (5 out of 11} of the primary nasal squamous cell carcinomas (5CCs) from
F344 rats that were chronically (2 years) exposed to 18.45 mg/m3 formaldehyde. Samples from
this study were further analyzed by Wolf et al. (1995) who demonstrated the presence of p53

tumor suppressor protein which correlated with proliferating cell nuclear antigen (PCNA} but not
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nasal mucosa of rats exposed to 0.86 to 18.42 mg/m?3 formaldehyde for 13 weeks. Itis likely that
the duration of exposure is important for the mutations to occur in these studies. In summary,
formaldehyde produced mixed results in the DLM test. Short-term (13-week} exposure of rats to
formaldehyde did not produce detectable mutations in the p53 tumor suppressor gene or Ha-ras
oncogene; however, a chronic 2-year study resulted in SCC formation and mutations in the GC base

pairs of the p53 gene in rats.

Table A-22. Summary of in vivo genotoxicity studies of formaldehyde
inhalation exposure in experimental animals

Test system Concentration® Results® Comments Reference
T

Rats/F344, nasal SCCs 18.45 mg/m?3; HCHO + Inhalation, 6 hrs/d, 5 (Recio et al.
from PFA® d/wk, 2 yrs 1992)
Rats/F344, nasal SCCs 18.45 mg/m?3; HCHO + Inhalation, 6 hrs/d, 5 (Wolf et al.
from PFA d/wk, 2 yrs 1995)
Rats/F344, nasal 18.45 mg/m3; HCHO - Inhalation, 6 hrs/d, 5 (Meng et al.
mucosa from PFA d/wk,13 wks; Cell 2010)

proliferation showed a
conc.-dependent 7;
significant at 12.3 and
18.45 mg/m? exposures

Rats/Strain not 1.47 me/m?®: HCHOD [+) Inhalation, 4 hrs/da for 4 (Kitaeva et al.
specified - dominant {not specifiad) wks 1990}

Isthal test T
Mice/ICR, specific 200 me/m?: Formalin 4 Whole-body inhalation {Liuetal
pathozen-free [37% HOHD wiw exposure of & mice far 2 2009b)

ag.sol ) hrs: 6 wks postexposure o
mated to ) at 1:4:

dominant lethal test

Monkey/Rhesus 0.86 mg/m?; HCHO + Inhalation, 6 hrs; the LEC | (Casanova et
nasal turbinates from PFA Pwith the P in distance al., 1991)
P Meieeaiiitihceicl?

from the portal of entry;
DPX levels show conc.-
dependent Mrom
0.86-7.4 mg/m3, in the
order of middle turbinates
> lateral wall/septum,
hasopharynx >
larynx/trachea/carina.

Monkey/Rhesus 2.5 mg/m3; HCHO + (Casanova et
nas.al, larynx, trachea, & | from PFA al., 1991)
carina

This document is a draft for review purposes only and does not constitute Agency policy.

A-125 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00141



Supplemental Information for Formaldehyde—Inhalation

lung
Rats/F344
BAL cells

1845 meg/m"; HCHO
from formalin vapors

1

inhalation, 6 hrs/d 5
d/wk, for 4 whks

Test system Concentration® Results® Comments Reference
Monkey/Rhesus 7.4 mg/m3; HCHO + (Casanova et
ill i | f PFA
maxillary sinuses, lungs | from al., 1991)
Monkeys/Cynomolgus 7.4 mg/m3; HCHO + Inhalation, 6 hrs/d, for 2d | (Lai et al., 2016)
nose from PFA
Rats/F344 0.37 mg/m3; HCHO + Inhalation, 6 hrs; (Casanova et
nasal mucosa from PFA nonlinear conc.-
al., 1989
dependent 1 in DPX )
between 0.37to 12.1
mg/m?3
Rats/F344 0.86 mg/m3; HCHO + Inhalation 6 hrs/d, 5 d/wk, | (Casanova et
nasal mucosa from PFA 11wk+4d+3hrs al., 1994)
(preexposed); or 3 hrs only
(naive); Tcell proliferation
2 7.48 mg/m?3
Rats/F344 2.5 mg/m3; HCHO + Inhalation, 6 hrs/d, for 2d; | (Casanova-
.. 3 ""'"""""":"""""'"""'
nasal mucosa from PFA cytotoxicity 2 12.3 mg/m Schmitz et al.
19843a)
Rats/F344 2.5 mg/m3; HCHO + Inhalation, 3 hrs/d, for 2d | (Casanova and
nasal mucosa from PFA Heck, 1987)
Rats/F344 2.5 mg/m3; HCHO + Inhalation, 6 hrs/d; for 7 (Lai et al., 2016)
nasal mucosa from PFA or28d
Rats/F344 7.4 mg/m?3; HCHO + Inhalation, 6 hrs/day, for 2 | (Casanova-
hasal mucosa from PFA days Schmitz and
Heck, 1983)°
Rats/F344 7.4 mg/m3; HCHO + Inhalation, 6 hrs; co- (Lam et al.,
nasal mucosa from PFA exposure to 2 ppm 1985)
acrolein caused a
significant 7 in toxicity and
DPX formation
Rats/F344 18.45 mg/m3; HCHO + Inhalation, 6 hrs/d; for 1, (Lai et al., 2016)
nasal mucosa from PFA 2,and 4 d
Rats/F344 18.45 mg/m3 HCHO - Inhalation, 6 hrs/d, for 2d | (Casanova-
olfactory mucosa from PFA Schmitz et al.
19843a)
36.9 mg/m?; HCHO - Inhalation, 6 hrs/d, for2d | (Casanova-
from PFA Schmitz and
Heck, 1983)°
Rats/F344, nasal 0.0012, 0.0369, 0.369 - Inhalation, nose-only, 6 (Leng et al,
epithelium, trachea, mg/m?3 [13CD,]-HCHO h/d, 28 d 2019)

(Meuss et ol

2010)
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Test system Concentration®

Mice/BalbC 3.0 meg/m*: HCHO
lung vapor from 10%
formalin

Comments

Inhalation. nose-only: 8
hts/d for 7 d:

Reference

(Yeetal,h 2013)

onkeys/Cynomolgus A mg/m?3;

rs/

nhalation,

or

(Lai et al., 2016)

bone marrow, PBMC from PFA
Rats/F344 12.43 mg/m?3; HCHO Inhalation, 3 hrs/d, for 2d | (Casanova and
bone marrow from PFA

Heck, 1987)

marrow, PB MC mg/m3 [13CD,]-HCHO

Rats/F344 18.45 me/m® HCHOD

peripheral blood from formalin vapors

Mice/Balht 1.0 mg/m?: HCHO

hohe marrow vapor from 10%
formalin

Mice/BalbC 3.0 meg/m*: HCHO

PBNM cells vapor from 10%
formialin

Rats/F344 18.45 mg/m?3; HCHO Inhalation, 6 hrs/d, for 2d | (Casanova-

bone marrow from PFA Schmitz et al.
19843a)

Rats/F344 18.45 mg/m3; HCHO Inhalation, 6 hrs/d; for 1, (Lai et al., 2016)

bone marrow, PBMC from PFA 2,and 4 d

Rats/F344, bone 0.0012, 0.0369, 0.369 Inhalation, nose-only, 6 ([_en et al.

h/d, 28 d

inhalation 6 his/d &
d/iwk for 4 wks

Inhalation nose-only. 8
his/d for 7 d: dose:
dependent 1 in DPX
Inhalation. nose-only: 8
his/d tor 7 d: dose-
dependent 1 in DPX

(Yeetal, 2013)

elt etal.
2009
(Yeetal,K 2013)

Monkeys/Cynomolgus 7.4 smg/m?3; HCHO - Inhalation, 6 hrs/, for 2 d (Lai et al., 2016)
liver from PFA
Rats/F344, olfactory 0.0012, 0.0369, 0.369 - Inhalation, nose-only, 6 (Leng et al.
bulbs, liver, hippo mg/m?3 [3CD.]-HCHO h/d, 28 d 2019)
campus, cerebellum o
Mice/Kunming 05 me/m?: HCHO Ihhalation, 72 hrs (Peng et al.
kidney & testes vapor from 10% continuous expostire 2006)
formalin T
Mice/Kunming 1.0 mg/m?; HCHO Inhalation, 72 hrs (Zhao et al.
vapor from 10% continlous exposure :
i 2009 Peng et
al., 2006)
Mice/BalbC 1.0 mg/m’: HCHO Inhalation nose-only. 8 (Ye et al, 2013)
spleen testes vapor from 10% Hrs/d for 7 d: dose-
- formalin dependent 1 in DPX

|

Monkey/Cynomologus | 2.33 mg/m?3; HCHO
maxilloturninate (not specified)

Iinhalation, 6 hrs/d, for 2 d;
conc.-dependent 1 in
exogenous adducts

(Moeller et al.
2011
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Test system Concentration® Results® Comments Reference
Monkeys/Cynomolgus - | 7.5 mg/m?; HCHO + Inhalation, 6 hrs/d, for2d | (Yy et al.
nasal dorsal mucosa, from PFA 2015hb)
nasopharynx, nasal T
septum, nasal posterior
maxillary
Monkeys/Cynomolgus - | 7.5 mg/m3; HCHO - Inhalation, 6 hrs/d, for 2d | (Yu et al.
trachea carina, trachea | from PFA 2015b)
proximal
Rats/F344 0.86 mg/m?3; HCHO + Inhalation, for 6 hrs; conc.- | (Lu et al., 2011)
nasal epithelium from PFA dependent 1 in exogenous
adducts
Rats/F344 2.46 mg/m3; HCHO + Inhalation, 6 hrs/d, for 7, (Yu et al,
nasal epithelium from PFA 14, 21, or 28 d; recovery 2015b)
fore, 24,72, or 168 hrs;
exposure-dependent P
hmdG mono adducts
Rats/F344 -nasal 12.3 mg/m?; 20% + Inhalation, 1 and 5 d; (Lu et al.
epithelium HCHO in water exposure-dependent 1 in 20103)
exogenous hmdG adduct
and dG-dG crosslinks
Rats/F344 12.3 mg/m?3; HCHO - Inhalation, 1 and 5 d (Lu et al., 2010a)
lung from PFA
Rats/F344, nasal 0.0012, 0.0369, 0.369 - Inhalation, nose-only, 6 (Leng et al.
epithelium, trachea, mg/m?3 [13CD2]-HCHO h/d, 28 d 2019)
lung T
Monkey/Cynamolosus | 233 mg/m?; HCHO (Moeller et al.
bone marrow (not specified) 2011)
Monkeys/Cynomolgus 7.5 mg/m3; HCHO - Inhalation, 6 hrs/d, for 2d | (Yu et al.
bone marrow, white from PFA 2015b)
blood cells
Rats/F344 12.3 mg/m3; HCHO - Inhalation, 1 and 5 d (Lu et al., 2010a)
white blood cells and from PFA
bone marrow cells
Rats/F344, bone 0.0012, 0.0369, 0.369 - Inhalation, nose-only, 6 (Leng et al.
marrow, PB MC mg/m? [*3CDz]-HCHO h/d, 28 d 2019)

344

i X

thymus, lymph nodes, | from PFA 2015b)

trachea, lung, spleen, —

kidney, liver, brain

Rats/F344 12.3 mg/m?; HCHO - Inhalation, 1 and 5 d (Lu et al., 2010a)
liver, spleen, thymus from PFA

Rats/F344, olfactory 0.0012,0.0369, 0.369 | - Inhalation, nose-only, 6 (Leng et al.
bulbs, liver, hippo mg/m?3 [3CD.]-HCHO h/d, 28 d 2019)

campus, cerebellum

.00
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Test system Concentration® Results® Comments Reference
Rats/sSD Pulmonary | 18.45 mg/m3 HCHO + Inhalation, whole body; 6 | (Dallas et al.
lavage cells from PFA hrs/d, 1 or 8 wks 1992)

me/m

- (Kitaeva et al,,
{not specifiad)

1990)

Bone martow

Rats/sSD 18.45 mg/m?3; HCHO - Inhalation, whole body; 6 | (Dallas et al.

Bone marrow from PFA hrs/d, 1 or 8 wks 1992)

Rats/F344 Peripheral 18.45 mg/m3; HCHO - inhalation, 6 hrs/d, 5 (Speit et al.

blood cells from PFA d/wk, for 4 wks 2009)

Rats/F344 18.45 mg/m?; HCHO - Inhalation, 6 hrs/d, 5d; no | (Kligerman et

Lymphocytes from PFA significant d.oset—relaﬁe.d al., 1984)
effect on mitotic activity

Mice/CD-1, male & | 30.75 mg/m3; HCHO - Inhalation, 6 hrs/d, 4-5 d (Brusick, 1983)

female, Bone marrow | from PFA

cells

Mice/BALB/c bone 3 mg/m?, HCHO from 4 Inhalation, 8 h/d, 5d/wk, 2 | (7hap et al.

marrow —
hematopoietic stem
and progenitor cells

... O OO0

18.45 mg/m? HCHO
from formalin vapors

10% formalin wihks 2020)

Rats/F344
BAL cells

Inhalation, b hrs/d, 5 (Neuss et al.
diwk for 4 wks: positive 2010a)

control was not used for T
the assay

Rats/Outbred white
polvehromatophylic
erythracytes (bone

marrow)

12.8 mg/m>, Inhalation: whole-body (Katsnelson et
commercial exposure: 4 hes/d. 5 d/wk al. 2013)
formaldehyde

Rats/F344 -peripheral 18.45 me/m?: HCHO - Inhalation, & hrs/day, 5 {(Speit et al.
blood from formalin vapors days/wk, for 4 wks 2009)
Mice/male ICR 20 mg/m’ 36 5%-38% + Inhalation, 2 hrs/d for 15d | (Yy et al.
bone marrow cells HCHO in water 20143}

[formalin) S
Mice/lCR, bone marrow | 110 mg/m?, HCHO : Inhalation, 2 h/d, 20 wks; (Liuetal, 2017)
cells solrce not reported micronucleus

Rats/sD 614 me/m>: HCHO Inhalation, 6 hrs/d, 5 d/wk | (Sul et al., 2007)
lung epithelial cells fcommercial) for 2 wks: feytotouicity

{lipid peroxidation &
pratein carbonyl

oxidation) ohserved at
pos
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Reference

Results®
+ (im et al., 2006)
[commercial) wis :

{

Comments
inhalation 5 d/wk for 2
wiks

Concentration®
614 mg/m’ HCHO
lcommercial)

Test system

Rats/SD. PBlLs

X
.

Rats/F344 1
Lymphocyte from PFA

inhalation, 6 hrs/d, 5
significant dose-related
effect on mitotic activity

(Kligerman e
al., 1984)

Rats/F344
Petinheral blood cells

Mice/CD-1, male &
female Bone marrow
cells

1845 mg/m*:
Formalin vapors

14.76 mg/m?; HCHO

from PFA

Inhalation. 6 hrs/d & d/wk
for 4 wks

Inhalation, 6 hrs/d, 5d; &
mice: -ve; ? mice: +ve;
conc.-dependent P in
SCEs

(Speit et al,,
2009)

(Brusick, 1983)

Gray shading indicates experiments examining tissues or cells outside of the upper respiratory tract that are
assumed to have included co-exposure to methanol, and are thus may be less reliable.

alowest effective concentration (LEC) for positive results or highest ineffective concentration tested (HIC) for
negative or equivocal results.

b+ = positive; - = negative; (+), equivocal.

‘Thermal depolymerization of paraformaldehyde (PFA) or freshly prepared formalin (no methanol) are the
preferred test article methods. Generation of formaldehyde from formalin, uncharacterized aqueous solutions
(noted as not specified), or an unspecified source (also noted as not specified) is assumed to involve co-exposure
to methanol, and the evidence is less reliable.

HCHO, formaldehyde; PFA, paraformaldehyde; hmDNA, hydroxymethylDNA; SCE, sister chromatid exchange; SCC,
squamous cell carcinoma; hmdA, hydroxymethyl deoxyadenosine; hmdG, hydroxymethyl deoxyguanosine; MN,

micronucleus.

Part of the data adapted from NTP (2010}.

Table A-23. Summary of in vivo genotoxicity studies of formaldehyde
exposure by intraperitoneal and oral routes of exposure in experimental

animals

Test system

Concentration?®

Results®

Comments

Reference

Rats/Albino
Spermatocyte; DLM

0.125 mg/kg; test

article: 37% HCHO (+
10% methanol)

i.p., & given 5 daily doses and
mated to ¢; dose-dependent 1 in
DLM index; effects greater with
shorter time gap postexposure

(Odeigah, 1997)

Mice/CD-1 DLM test

Rats/F344
tracheal implants

20 mg/kg HCHO; test
article: Not Specified

0.01% HCHO in PBS;
test article: Not

Specified

- i.p. injection to ; mated to 9 and

autopsied 13 d past mid-wk of
mating

+ instillation, twice weekly for 2, 4,

or 8 wks

(Epstein and
Shafner, 1968)

(Cosma et al.,
1988)
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Test system Concentration® Results® Comments Reference
Mice/NS 0.2 mg/kg; test article: + i.p. injection to pregnant mice (Wang and Liu
liver (Fetal) [Chinese |HCHO {not specified) from GD 6 to 19 2006)

lang-English Abstract]

Mice/NS

Liver (maternal)
[Chinese lang-English
Abstract]

20 mg/kg; test article:
HCHO {not specified)

i.p. injection to pregnant mice
from GD 6 to 19

(Wang and Liy,
2006)

Mice/CBA 25 mg/kg; test article: - i.p. injections (two) within 24 hr (Natarajan et
. . . ] £
femoral polychromatic [HCHO {PFA in water) interval; cells sampled 16 and 40 |
erythrocytes hrs post 2nd inj. al,, 1983)
Mice/Q strain 50 mg/kg; test article: - i.p. injection, single (Fontignie-
Spermatocytes HCHO {35% sol.} Houbrechts
e e e o
1981)
Mice/Q strain 30 mg/kg; test article: - i.p., 35% HCHO solution + 90 (Fontignie-
Spermatogonia HCHO {commercial) mg/kg H20: Houbrechts et
al., 1982)
Rats/SD 200 mg/kg; test article: + p.o., 16, 24, or 30 hrs; time-
gastric epithelial cells |HCHO (in water) dependent 1 in CAin all tissues;  |(Migliore et al.,
(stomach, duodenum, toxic at 30 hrs; no significant 1989)
ileum, colon) change in mitotic index
Mice/B6C3F1-bone 100 mg/kg; test article: + Gavage, single exposure; HCHO
marrow formalin; or 1,000 and methanol showed 21~ and (Ward et al.
mg/kg methanol 15-fold increase compared to 1983)
controls, respectively
Rats {male albino), 0.2 mg/kg/day; test + i.p injection, single injection for 4
bone marrow cells article: HCHO (source wks (Gomaa et al.
not specified) 2012)

Mice/CBA
femoral polychromatic

25 mg/kg; test article:
HCHO (PFA in water)

i.p. injections (two) of HCHO
solution within 24 hr interval; cells

(Natarajan et

erythrocyte and spleen sampled 16 and 40 hrs post 2nd  |3l,, 1983)

cell inj.

Mice/NMRI 30 mg/kg; test article: - |i.p. injection, single (Gocke et al.
bone marrow HCHO {commercial) 1981)
Mice/CD-1 30 mg/kg; test article: - i.v. two injections; sampled 24, 48, |(Morita et al.
reticulocytes HCHO (35% or 72 hrs after exposure 1997)
Mice/CD-1 200 mg/kg; test article: - Gavage twice (bone marrow) or (Morita et al
bone marrow or 35% HCHO once (peripheral blood); all mice 1997) ;

peripheral blood

killed at 300 mg/kg dose

Rats/SD

gastric epithelial cells
(stomach, ducdenum,
ileum, colon)

200 mg/kg; test article:
HCHO (in water)

p.o., 16, 24, or 30 hrs; time-
dependent P in MN in all tissues;
toxic at 30 hrs; no significant
change in mitotic index

(Migliore et al.,
1989)
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alowest effective concentration (LEC) for positive results or highest ineffective concentration (HIC) tested for
negative or equivocal results.

b+ = positive; - = negative; (+), equivocal.

‘Thermal depolymerization of paraformaldehyde (PFA) or freshly prepared formalin (no methanol) are the
preferred test article methods. Generation of formaldehyde from formalin, uncharacterized aqueous solutions
(noted as not specified), or an unspecified source (also noted as not specified) is assumed to involve co-exposure
to methanol, and the evidence is less reliable.

HCHO, formaldehyde; PFA, paraformaldehyde; DLM, dominant lethal mutation; i.p., intra peritoneal; i.v,, intra
venous; GD, gestation day; MN, micronucleus;

Part of the data adapted from NTP (2010}.

Summary of in vivo genotoxicity studies of formaldehyde by routes of exposure in experimental
animals

Formaldehyde reacts with cellular macromolecules at the portal of entry causing
genotoxicity. Genotoxicity of inhaled formaldehyde involves direct interaction with DNA inducing
DNA-protein crosslinks and /or hydroxymethylDNA adducts or DNA mono adducts, single strand
breaks, micronuclei, and chromosomal aberrations in nasal passages of experimental animals. DPX
are formed predominantly by crosslinking of the epsilon-amino groups of lysine and the exocyclic
amino groups of DNA, especially the N-terminus of histone. Due to the differences in the anatomy
of nasal passages and breathing patterns of rats and monkeys, the location of DPX formation differs.
Over a range of 0.86 to 7.37 mg/m?3, formaldehyde-induced DPX levels showed concentration-
dependent increase in monkey respiratory tract in the order of middle turbinates > anterior lateral
wall/septum > maxillary sinuses and lungs. Thus, the lowest effective concentration (LEC) being
higher with increase in the anatomical distance from the portal of entry. Furthermore, these
anatomical sites are known to be associated with formaldehyde-induced proliferative response in
monkeys. In rats, DPX formation showed concentration dependence between 0.37-12.1 mg/m3
formaldehyde, which was nonlinear with a sharp increase above 4.9 mg/m3. With exposures up to
28 days, DPXs were shown to accumulate and persisted for an additional 7 days at a concentration
of 2.5 mg/ms3. In addition, DPX formation was six-fold higher in the lateral meatus compared to the
medial and posterior meatus, corresponding, respectively, to high and low tumor incidence sites in
rats. DPXs were not detected in olfactory mucosa, bronchoalveolar lavage (BAL) cells of rats or in
lungs of mice exposed to formaldehyde. DPXs (from exogencus formaldehyde) also were not
detected in bone marrow and peripheral blood monocyte cells {(rats and monkeys} and liver
{monkeys} following inhalation exposure. Since DPXs are likely to induce replication errors, they
have been considered to be a marker of mutagenicity. The repair of DPX in eukaryotes appears to
depend on the dose and duration of formaldehyde exposure. The overall evidence indicates that
the DPXs are markers of exposure as well as genotoxic endpoints.

HydroxymethylDNA adducts in experimental animals can result from DNA reacting with
endogenously-produced or exogenous formaldehyde. Mono adducts formed from endogenous
formaldehyde (produced during normal cellular metabolism} are distinguished from those formed

by exogenous exposure using stable isotope (13C}-labeled formaldehyde coupled with sensitive MS
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techniques. Inhaled formaldehyde induces N2-hmdG adducts in the nasal epithelium of F344 rats,
but not in distal tissues, and the adduct levels are associated with concentration and duration of
exposure. Inrhesus monkeys, formaldehyde induces N2-hmdG adducts in the maxilloturbinates,
and the mono adduct levels are associated with the exposure concentration of formaldehyde.
Endogenous N2-hmdG mono adducts and dG-dG crosslinks are also detected in rats and monkeys,
butin all experimental animals exposed exogenously to formaldehyde by inhalation, N2-hmdG
adducts were only elevated in nasal passages, not in tissues beyond the portal of entry. However,
formaldehyde-specific hmDNA adducts have been detected in rodent tissues distal to the portal of
entry when the animals were exposed to methanol or nitrosamines, which are known to release
formaldehyde as a metabolic intermediate in vivo. These studies suggest the lack of transport of
formaldehyde beyond the portal of entry when given by inhalation in animals. Although the
hmDNA adducts are considred to be genotoxic endpoints of formaldehyde exposure, their
mutagenicity has not been enstablished.

There is limited evidence about mutagenicity of formaldehyde in experimental animals.
Formaldehyde did not induce mutations in the nasal mucosa of rats with inhalation exposure to
18.5 mg/m?3 for 13 weeks, but there are no available studies involving longer periods of exposure.
However, formaldehyde inhalation exposure caused other genotoxic endpoints, including
chromosomal aberrations and single strand breaks but not micronuclei in cells of respiratory
system.

Twelve out of 17 that analyzed formaldehyde-induced genotoxic endpoints in bone marrow
or blood cells were negative. Conflicting results have been obtained in terms of source of
formaldehyde. Formaldehyde derived from paraformaldehyde or commercial formalin was
negative for DPX formation in bone marrow and peripheral blood cells, although one recent study,
which used 10% formalin as a source of formaldehyde, induced DPX in bone marrow and
peripheral blood mononuclear cells. Formaldehyde did not induce hmDNA adducts in the bone
marrow of monkeys and rats, suggesting that inhaled exogenous formaldehyde may not be
transported to the tissues distal to the portal of entry. Formaldehyde failed to induce CAs in 4/5
studies in the bone marrow or peripheral blood cells of rats and mice {see Table A-22}, although
one study detected CAs in bone marrow of rats. Limited available evidence shows that inhaled
formaldehyde did not induce micronuclei in the peripheral blood cells of rats, but was positive for
inducing SSBs in peripheral blood and bone marrow cells and produced mixed results on SCE
formation. The above studies clearly indicate the complexicity of data analyses with contradicting
results in the same assay sytem, type of exposure, and/or methodology utilized.

Formaldehyde produced mixed results in tissues other than the respiratory and
hematopoietic systems (see Table A-23). Three studies demonstrated DPX formation in mouse
kidney, testes, liver and spleen when 10% formalin was used as a source of formaldehyde. Inhaled
formaldehyde did not induce hmDNA adducts in the liver, spleen, and thymus of rats, but SSBs were

detectable in the liver of rats following inhalation exposure.
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Several studies evaluated the genotoxicity and mutagenicity of formaldehyde by routes
other than inhalation exposure and reported mixed results (see Table A-23}, suggesting that
formaldehyde induced genotoxicity might depend on the route of exposure and formulation of

formaldehyde administered.

A.4.6. Genotoxic Endpoints in Humans

Alarge set of research studies in several countries, involving different exposure settings,
found that exposure to formaldehyde is associated with damage or changes to human DNA that
inform mechanisms of carcinogenesis. These studies have observed increased levels of DNA
damage, DNA-protein crosslinks, and chromosomal breaks in buccal and nasal epithelial cells, and
peripheral blood lymphocytes. Chromosomal damage, manifested as an increased frequency of
different types of chromosomal aberrations, has been reported. It has been shown that increased
frequency of chromosomal aberrations and micronuclei are associated with increased cancer
mortality, and these endpoints are considered by EPA to be highly relevant to the assessment of
genotoxicity in humans (Bonassi et al., 2011; Bonassi et al,, 2008; Bonassi et al., 2007; U.S, EPA,
2005; Bonassi et al., 2004b). Single strand breaks in DNA, indicating genetic instability also are

considered by EPA to be highly relevant to the assessment of genotoxicity for humans. However, an
increased level of sister chromatid exchange in peripheral lymphocytes has not been found to be

associated with cancer mortality in a large collaborative evaluation (Bonassi et al., 2004a).

Although sister chromatid exchange is an indication of genotoxicity, this endpoint is considered to
be less relevant as a predictor of cancer risk. The studies that reported SCE results were evaluated
and are summarized in tables but are not synthesized because of the large amount of evidence for
other genotoxicity endpoints.

EPA evaluated the studies, focusing on study design, comparison groups, assessment of
exposure and cytogenetic endpoints, and analytic methods. As discussed in this synthesis, although
the entire set of studies contributed to the assessment, those with the stronger study designs and
methods, and which provided adequate details, were given more weight. Most of the studies
reporting on measures of genotoxicity did not describe the details of population selection,
recruitment, and participation, which makes it difficult to evaluate potential selection bias.
However, most did report the population source(s}, and since knowledge of a person’s status
regarding these endpoints would not be a factor in his or her decision to participate, the reporting

deficiency is likely not a serious limitation.

Chromosomal Aberrations in Peripheral Blood Lymphocytes

A total of 16 studies were available that evaluated chromosomal aberrations in peripheral
blood lymphocytes (PBLs) or less differentiated subsets among individuals in a variety of exposure
settings, including students in anatomy and embalming courses, workers in industrial settings, and
workers in pathology laboratories (Table A-24). Average formaldehyde concentrations in these

occupational settings generally were above 0.1 mg/m3, although two studies evaluated
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chromosomal aberrations among groups exposed to lower average concentrations (Santovito et al.

2011; Pala et al., 2008). Study results were heterogeneous, and the studies were variable in their

study designs and reporting detail. Several did not state whether sample analysis was blinded with
respect to exposure status, did not provide demographic information on exposed and referent
groups to support assertions of similarity, had extremely small sample sizes (N <15}, or incubated
cells for longer than 48-50 hours (thus not restricting to M1 metaphases, and/ or did not describe
their approach to data analysis: (Gomaa etal, 2012; Lazutka et al., 1999; He et al., 1998; Kitaeva et
al.. 1996; Vasudeva and Anand, 1996; Vargova et al, 1992; Thomson et al,, 1984; Fleig et al,, 1982;

suskov and Sazongva, 1982). Nine publications for 8 occupational groups provided detailed

descriptions of study methods and important attributes of the exposed and referent groups (Costa
etal, 2015; Lan etal.,, 2015; Santovitc et al., 2014; Musak et al., 2013; Santovito et al., 2011; Jakab et

Formaldehyde was associated with a higher prevalence of chromosomal aberrations among
workers in pathology laboratories (Costa et al,, 2015; Musak et al.,, 2013; Santovito et al., 2011;
Jakab et al., 2010); these effects included chromatid-type aberrations (Costa et al., 2015; Jakab et al.,

2010}, chromosome-type aberrations (Costa et al., 2015; Musak et al,, 2013), chromosomal

exchange (Musak et al., 2013}, and premature centromere division {Jakab etal., 2010}. Costaetal.

(2015} also reported an increase in aneuploidies and in the number of aberrant and multiaberrant
cells. In one study of paper makers, formaldehyde exposure was associated with dicentrics and
centric rings (Bauchinger and Schmid, 1985}, Average 8-hour TWA formaldehyde concentrations
0f 0.32, 0.47, and 0.9 mg/m?3 were associated with a 1.7-1.9-fold increase in total chromosomal

aberrations among exposed groups (Costa et al.. 2015; Musak et al,, 2013; Jakab et al,, 2010). An

increased mean number of chromosomal aberrations per cell was significantly associated with an
8-hour TWA concentration of 0.07 mg/m?3 among pathologists compared to unexposed hospital
workers exposed to 0.04 mg/m?3 by Santovito et al. (2011). One well-conducted study did not

observe associations (Pala et al., 2008}, possibly because the group of laboratory workers was

exposed to very low formaldehyde concentrations (75% of workers at < 0.026 mg/m3). Another
study in nurses found no differences with their referent group, although this group likely

experienced a wide variation in the intensity of their formaldehyde exposure, and no formaldehyde

measurements were conducted (Santovito et al., 2014}. An increased frequency of chromosomal
aberrations or aberrant cells was also found in a few studies that incubated cell cultures for a
longer period (72 hours) (Gomaa et al., 2012; Lazutka et al,, 1999; Kitaeva et al,, 1996), but not by
all (Vasudeva and Anand, 1996; Fleig et al., 1982]. Incubation times longer than required to achieve

first generation metaphase would be expected to result in greater heterogeneity in the aberration
frequencies detected.

Zhang et al. (2010), using fluorescence in situ hybridization techniques, observed an
increased level of chromosome aneuploidy (monosomy 7 and trisomy 8) in cultured CFU-GM

colony cells in a small group of highly exposed formaldehyde-melamine production workers
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{n = 10) compared to a referent group matched by age and gender {(n = 12). Although only a small
number of workers were evaluated, this report provided complete details on study design,
participation, population characteristics, exposure measurements, cytogenetic analyses, and data
analysis and results. Subsequently, a larger group of the same cohort {(n = 29 exposed, n = 23

referent} were included in a chromosome-wide evaluation of aneuploidy, again using cultured CFU-

GM colony cells (Lan et al, 2015). An elevated risk ratio for monosomy, trisomy, and tetrasomy
was found in several chromosomes, including chromosomes 5 and 7, a finding that was predicted a
priori. In addition, investigators reported an increased frequency of structural chromosome
aberrations in chromosome 5 (IRR 4.15, 95% CI 1.20-14.35). Gentry et al. (2013) reported on
analyses using data on the cohort studied by Zhang et al. (2010} and noted that few of the DNA
analyses scored 150 or more cells per individual as specified by the study protocol. Although the

pilot study methods were criticized for not adhering to the assay protocol (Gentry et al,, 2013),a

clarification of the assay protocol was provided by the investigators with a description of how the
study adhered to it (Rothman et al., 2017). The criticism by Gentry et al. (2013} applied to both the

exposed and unexposed groups; thus, no bias should have occurred. Analyzing fewer cells per

individual may have increased the variability in the prevalence estimates of aneuploidy, which may
have attenuated the measures of association. Although the chromosome anomalies may have

arisen either in vivo or during the in vitro cell culture period (Gentry et al, 2013}, there was a

significant increase in the exposed workers compared to the referent group, indicating a
formaldehyde-associated tendency toward aneuploidy or other chromosomal abberations. Median
formaldehyde concentrations measured in the exposed and referent groups were 1.7 mg/m?3 and
0.032 mg/m3, respectively. Personal exposure monitoring was conducted for several other
chemical exposures, including chloroform, methylene chloride, tetrachloroethylene,
trichloroethylene, benzene, or other hydrocarbons, which were not detected. Statistical models
were adjusted for potential confounders including age, gender, recent infection, body mass index,
and current tobacco, alcohol, and medication use.

The differences in lymphocyte subset levels between exposed and unexposed workers
reported by Zhang et al. (2010} were challenged by Mundt et al. (2817} in a reanalysis who did not
find evidence of an exposure-response trend within the exposed group, although the difference
between unexposed and exposed subjects was reconfirmed. Rothman et al. {2017} also responded
to the critique by Mundt et al. (2017} explaining that the exposure levels in the exposed group were
relatively homogenous and the study was not designed to provide a range of exposures wide
enough to evaluate exposure-response relationships given the expected effect size and sample size
in the study. Overall, the evidence from the set of studies in which there is higher confidence are
consistent with the finding that formaldehyde exposure is associated with chromosomal

aberrations in peripheral blood lymphocytes.
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Micronuclei

An increase in micronuclei in buccal mucosa, nasal mucosal cells and peripheral blood
lymphocytes (PBLs) was associated with formaldehyde exposure in a large number of studies (see
Table A-24). Micronuclei were reported in a diverse set of exposed populations including plywood
production workers, formaldehyde production and other chemical workers, pathologists and other
laboratory workers, and anatomy and mortuary lab students, and were observed at average
concentrations of 0.1 mg/m3 (Wang et al., 2019; Ballarin et al., 1992), 0.2 mg/m?3 (Costa etal., 2019;
Ladeira etal, 2011), and 0.5 mg/m3 (Costa et al,, 2013; Costa et al., 2011; Costa et al., 2008; Ying et

genotoxic events and chromosomal instability, including errors in DNA repair mechanisms,

dysfunction or lack of telomeres, and other failures during DNA replication and repair processes

(Bonassi et al, 2011). Micronuclei in PBL is a validated predictor of cancer risk in epidemiology

studies (Bonassi et al., 2007). Studies of exposure to formaldehyde over a short duration found no

changes in micronucleus frequency in nasal mucosal cells (Zeller et al., 2011}, buccal mucosal cells

(Speit et al., 2007a, 4-hour exposures for 10 days, 4-hour exposures for 10 days) or peripheral

blood lymphocytes (Lin et al., 2013, 8-hour cross-shift change, 8-hour cross-shift change).

Measurements in exfoliated buccal cells (EBC) revealed a consistently increased frequency
of micronuclei or binucleated cells among exposed individuals (Costa et al.,, 2019; Aglan and
Mansour, 2018; Peteffi et al, 2015; Ladeiraetal, 2011; Viegas et al,, 2010; Burgaz etal., 2002; Ying
etal., 1997; Titenko-Holland et al., 1996; Suruda et al., 1993). Differences were reported using

various study designs, including changes in anatomy and embalming students before and after lab

courses and prevalence surveys comparing exposed workers and referent groups. Generally,
differences were observed at formaldehyde exposure levels averaging 0.2 mg/m3 and above.
Micronuclei frequencies were greater by 1.5 to 6-fold in exposed workers with mean formaldehyde

concentrations of 0.2 to 0.5 mg/m?3 compared to referent groups {Costa et al,, 2019; Ladeira et al.,

201%; Viegas et al,, 2010). Most of the studies of micronuclei frequency in buccal cells provided

detailed discussions of design, methods, and results; potential confounders and other exposures
that could pose a risk of genotoxicity were considered and excluded either in the design or data
analysis. Associations with exposure duration also were observed by some researchers. Aglan
straightening treatments and compared them to a group of hair stylists who did not conduct these
treatments. Formaldehyde concentrations can be high when hair straightening treatments are
used, and 15-minute TWA concentrations greater than 1.9 mg/m3 were measured in this group. An
increase in MN frequency was observed between the referent group and exposed groups stratified
by exposure duration {(below or above 5 years). However, there is more uncertainty in these results
because reporting deficiencies prevented analysis of the potential for selection bias. While Costa

ppm among anatomy/ pathology workers, the authors did not observe a trend in the frequency of
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nuclear buds across exposure duration from less than 8 years to over 14 years. Other studies of
workers with mean exposure duration over 5 years also reported associations with exposure
duration {Ladeira et al., 2011; Viegas etal., 2010).

Fewer studies are available that assessed micronuclei in nasal cells, but results were

generally consistent. Significant differences in nasal micronuclei frequency were observed among

anatomy students after an 8-week course (Ying et al., 1997), pathology workers compared to

unexposed workers at the same institutions (Burgaz et al,, 2001), and between formaldehyde

production workers (Ye et al., 2005) or plywood production workers (Ballarin et al., 1992)

compared to their referent groups. Formaldehyde concentrations among exposed groups averaged

0.1->1.0 mg/m3. One study did not observe formaldehyde-related changes in nasal cells of

embalming students (Suruda et al., 1993}, but did report an increase in micronuclei with acentric
fragments (centromere negative micronuclei) using fluorescence in situ hybridization (FISH)

{(Titenko-Holland et al., 1996}. These results suggest that the predominant damage in these cells

consisted of DNA and/or chromosomal breaks.

Most of a large set of studies that measured micronuclei in peripheral blood lymphocytes
reported increased levels among exposed participants working in diverse exposure settings and in
several countries (Costa et al., 2019; Wang et al,, 2019; Aglan and Mansour, 2018; Souza and Devi,
2014; Bouraouietal, 2013; Costaetal., 2013; Costaetal, 2011; Ladeira etal,, 2011; Jiang etal,,
2010; Viegas et al, 2010; Costa et al., 2008; Orsiere et al,, 2006; Ye et al., 2005; He et al,, 1998;

suruda et al,, 1993). Several of these studies included a large sample size, and all provided detailed

discussions of design, methods, and results, including how potential confounders and other
exposures that could pose a risk of genotoxicity were considered and excluded, either in the design
or data analysis. Costa etal. (2019} reported that the frequency of micronuclei in PBL and EBC
were correlated in their study population. A clear concentration-related response in micronucleus
frequency measured in peripheral blood lymphocytes was reported among plywood production

workers in two studies that evaluated effects across multiple exposure categories (Jiang et al., 2010;

Ye etal, 2005). Micronuclel frequency (and centromeric micronuclei} increased with cumulative

exposure (Wang et al., 2019; Suruda et al., 1993) and the duration of exposure (Aglan and Mansour,
2018; Souza and Devi, 2014; Bouraoui et al., 2013; Lin et al,, 2013; Ladeiraetal, 2011; Jiang et al,,
2010; Viegas et al,, 2010). Observed effects were independent of confounding by age, gender, or

smoking status.
A study of anatomy students did not observe changes in micronuclei in peripheral blood
lymphocytes after an 8-week course, although increased levels were observed in buccal and nasal

cells, suggesting that changes in lymphocytes may occur after a longer duration of formaldehyde

exposure (Ying et al., 1997). Lin etal. (2013) did not observe an increase in micronucleus
frequency across formaldehyde exposure categories among plywood workers in China. However,
the referent group was exposed to mean concentrations of 0.13 mg/m3, a level associated with

increased micronucleus frequency in another study of plywood workers (Jiang et al., 2010).
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The sensitivity of the micronucleus assay can be enhanced by probing cells with
pancentromeric DNA probes. A micronucleus that has a single centromere (C1 + MN} suggests
chromosome migration impairment, and the presence of two or more centromeres (Cx + MN)

indicates centromere amplification, with both conditions indicating aneuploidy (larmarcovai et al.,

FISH and a pancentromeric probe and found increased levels of centromeric micronulei, including
monocentromeric micronulei (C1 + MN}) and multicentromeric micronuclei {Cx + MN} among
exposed pathology and anatomy lab workers. The enhanced chromosome loss is consistent with

the increase in aneuploidy in lymphocytes reported by Zhang et al. {2310).

DNA Damage

Most studies of DNA single-strand breaks, DNA crosslinks, apurinic or apyrimidinic sites,
and sites with incomplete DNA repair using the Comet assay observed associations in peripheral
blood leukocytes with occupational formaldehyde exposure involving workers in plywood or
furniture manufacturing, use of melamine resin and pathology laboratories (Zendehdel et al., 2017;
Costaetal., 2015; Peteffi etal, 2015; Linetal,, 2013; Gomaaetal, 2012; Costaetal, 2011; Jlang et
al, 2010; Costa et al.,, 2008} (see Table-A24). A 1.5- to 3-fold difference was observed comparing
exposed groups to their referent groups at average concentrations as low as (.09 mg/m3
{(Zendehdel et al., 2017}, 0.14 mg/m?3 (Jiang et al., 2010) or 0.04-0.11 mg/m?3 (Peteffi et al., 2015}. A

clear concentration-related response was observed in plywood plant workers {Lin et al.. 2013; Jiang

etal, 2010). In addition to the cross-sectional comparisons, an increased level of damage to DNA,
indicated by increased tail moment levels in the Comet assay, was associated with formaldehyde

exposure over an 8-hour work shift (Lin et al., 2013} and after an exposure for 4 hours/day for 5

days during a controlled human exposure study (Zeller et al,, 2011}. One study of workers in
medium density fiberboard manufacture did not observe increases in Comet assay measures in the
exposed group at a mean 8-hour TWA 0.25 £ 0.07 mg/m? (Aydin et al., 2013). The range of

exposure levels (0.12~0.41 mg/m?} was lower than most of the studies that evaluated DNA damage
using the Comet assay, and almost half of the exposed workers in this study reported using
personal protective equipment.

An increased level of DPXs was associated with formaldehyde exposure in a few studies,

both across an 8-hour work shift (Lin et al., 2013}, and in comparisons of formaldehyde-exposed

compared DPX rates between formaldehyde-exposed plywood workers and a referent group but
did not observe differences by exposure group. There was no trend across levels of exposure or
duration of employment, possibly because the comparison group had significant exposure to
formaldehyde (0.019-0.252 mg/m?3} and workers had been employed only for a mean of 2.5 years.
Shaham et al. (2003} found higher DPX levels in peripheral lymphocytes among a group of
pathologists with a mean duration of exposure of 16 years compared to administrative workers

from the same hospitals. While DPX levels in the exposed group were comparable to the exposed
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groups studied by Lin etal. (2013), DPX levels in the administrative workers were 60% less than
those measured in the referent group of woodworkers, perhaps reflecting their lower
formaldehyde exposure. Analyses ruled out potential confounding by age, gender, smoking,
education, and country of origin. Shaham et al. (2003} also observed higher levels of pantropic p53
protein (mutant plus wild-type protein} in serum in the exposed group compared to unexposed,
with a particularly strong association in males (pantropic p53 >150 pg/mL, adjusted OR = 2.0 (95%
Cl 0.9~4.4}). Increased serum pantropic p53 levels (p53 >150 pg/mL) was associated with mutant
p53 content, and also with elevated DPX (OR = 2.5, 95% CI 1.2-5.4}, suggesting a link between
increases in DPX and overexpression of mutant p53 protein, an indication of loss of tumor
suppressor gene capability.

Malondialdehyde-deoxyguanosine (M1dG) adducts in DNA extracted from whole blood were
elevated in pathologists who spent time conducting tissue fixation (mean formaldehyde 0.212 +

0.047 mg/m?3) compared to workers and students in other science labs (Bono et al., 2010). The

prevalence of M;dG DNA adducts was increased in the entire group of pathologists compared to the
referent group among whom average formaldehyde concentrations were 0.028 mg/m3. Increased
levels also were observed among a subgroup exposed to 0.07 mg/m? formaldehyde and higher.
This finding suggests the presence of formaldehyde-associated DNA damage concurrent with the
induction of oxidative stress. An increase in oxidative stress, indicated by elevated plasma levels of
malondialdehyde (MDA}, was observed among employees at a cosmetic manufacturing company,
who also had higher plasma levels of p53 compared to a group of employees in a hospital

administrative department with no formaldehyde exposure (Attia et al., 2014). Although no air

monitoring was conducted, the cosmetics workers had higher urinary formate levels compared to

the referent group. Both plasma MDA and plasma p53 levels were related to urinary formate levels
and also to each other. Regression analyses were adjusted for age and gender. Together, these two
studies suggest that formaldehyde may increase systemic oxidative stress, which may be related to

observed increases in peripherial white blood cell genotoxicity.

DNA Repair Protein Activity
Ot-alkylguanine DNA alkyl-transferase activity in peripheral blood lymphocytes of students

after 9 weeks or 3-months exposure to formaldehyde in embalming or anatomy labs was compared
to enzyme activity prior to the beginning of the courses. Although an association with decreased

activity was indicated in one study of embalming students (Hayes et al., 1997), this finding was not

confirmed by a subsequent study of anatomy students (5chlink et al., 1999).

Susceptibility: Gene-Environment Interaction

A few studies of genotoxicity among formaldehyde-exposed groups also evaluated
differences in subgroups defined by polymorphic variants in genes coding for proteins involved in
the detoxification of xenobiotic toxic substances, including glutathione-S-tranferases (GSTM1,
GSTT1, GSTP1}, CYP2E1, and specifically, formaldehyde (alcchol dehydrogenase (ADH5) (see Table
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A-24). Polymorphisms in DNA repair proteins also were studied includingthe X-ray repair cross-
complementing genes (XRCC1, XRCCZ, XRCC3), RAD51, PARP1, and MUTYH. This included genes of
Fanconi anemia pathway (FANCA, BRIP1). The frequency of chromosomal aberrations in
lymphocytes was higher in a formaldehyde-exposed group but did not vary by GSTT or GSTM
polymorphism (Santovito et al, 2011). However, the GSTM1 null variant and the GSTP1 codon 105

Val allele was associated with an increased olive tail moment and MN frequency, respectively,

among exposed individuals, but not in the referent group (Jliang et al., 2010). Costa et al. (2015) and

Costa et al. (2019) also reported an increase in MN frequency in exfoliated buccal cells among
exposed individuals with the Val variant in the GSTP1 rs1695 polymorphism, whereas
chromosomal aberrations (CSAs} were more prevalent among the exposed group homozygous for
the Ile allele. This research group also reported an increase in nuclear buds in buccal cells among
exposed individuals with the A variant in the CYP2E1 rs6413432 polymorphism while exposed
individuals homozygous for the wildtype T allele had a higher % tDNA measured in the comet
assay. These associations were not observed in the referent group. In addition, the variant allele for
the ADH5 Val3091le polymorphism was associated with an increased frequency of micronuclei in

lymphocytes among exposed individuals, but not in the referent group (Ladeira et al., 2013). The

frequency of nuclear buds was associated with formaldehyde exposure and among carriers of the

XRCC3 Met variant allele in both exposed and referent individuals, but effect modification was not

polymorphisms and micronuclei frequency in EBC or PBL among formaldehyde exposed workers.
However, micronuclei frequency was increased in PBL among exposed individuals with the Ala
variant in the FANCA rs719823 variant. Therefore, genetic differences may alter susceptibility to

the cytogenetic effects of formaldehyde, but more definitive research is needed.

Table A-24. Summary of genotoxicity of formaldehyde in human studies

Reference and study
design Exposure Results

Chromosomal Damage and Induction of DNA repair

Prevalence Studies

Costa et al. (2015) Exposure assessed via | Comparison of exposed (N=84) and referent
Portugal air sampling and (N=87), frequencies of chromosome aberrations
Prevalence study deriving an 8-hr TWA (CA), structural and numerical

Population: 84 anatomy | for each subject. Aberration MR? 95% Cl
pathology workers from 9 Total CA 1.91 1.44-2.53
hospital laboratories, Exposure CSAs 2.07 1.27-3.38
exposed to formaldehyde | concentration: CTAs 1.86 1.39-2.48

for at least 1 year, Mean: 0.38 ppm (0.47 | Gaps 1.65 1.34-2.03
compared to 87 mg/m?) Aneuploidies 1.64 1.36-1.98
unexposed employees Range: 0.28-0.85 ppm | Aberrant cells 1.66 1.28-2.17
from administrative (0.34-1.05 mg/m?)

This document is a draft for review purposes only and does not constitute Agency policy.

A-141 DRAFT—DO NOT CITE OR QUOTE

ED_014350_00011357-00157



Supplemental Information for Formaldehyde—Inhalation

Reference and study

design Exposure Results
offices in same geographic | Exposure duration Multi-aberrant  3.96 2.09-7.48
area. Exclusions: cancer 12.0+£82vyrs cells
history, radiation therapy 2 MR - mean ratio; all models adjusted for age, gender and
or chemotherapy, surgery smoking habit, multi-aberrant cells MR also adjusted for fruit
with anesthesia or blood consumption (# pieces eaten per day)
transfusion in last year.
Exposed and referent No associations observed for models of formaldehyde
similar for mean age 39 exposure as continuous variable, exposure duration or
years, 77% females, 25% professional activity on genotoxicity endpoints (data not
smokers. Outcome: provided by authors)
Peripheral blood samples,
coded, analyses blinded to Mean SCE per cell in peripheral lymphocytes:
exposure status. ratio of exposed to referent
Chromosome aberrations Ratio 95% Cl
structural and numerical), SCE/cell 1.27 1.10 -1.46
duplicates cultured 51 Poisson regression adjusted for gender, smoking,
hours (cited cited and age.

Roma-Torres et al.,

2006), 4% Giemsa stain;
scored 100 metaphases
per person, CTAs & CSAs
according to Savage et al.
(1976); gaps not
included.

Exposed compared to
unexposed using Mann-
Whitney U-test for CA
measures; negative
binomial regression for
untransformed total-CAs,
CSAs, CTAs, gaps,
aneuploidies, & aberrant
cells; Poisson regression
for untransformed
multiaberrant cells.

Lan et al. {2015) China | Personal monitors for |Among all 24 chromosomes analyzed, elevated IRR for

Prevalence study 3 d over entire shift monosomy found for chromosomes 1, 5, 7, 4, 19, 10, 16, 21,
Population: 43 within a 3-wk period. |2, 8, 18, 12, 20, 13, 6, and 14 (p < 0.05, Table 2 in Lan et al.);
formaldehyde-melamine Formaldehyde elevated IRR for trisomy found for chromosomes 5, 19, 21, 1,
workers (95% employed | concentration: 8 h 20, and 16; elevated [RR for tetrasomy found for

for >1 yr) compared to 51 | TWA chromosomes 4, 15, 17, 14, 3, 18, 8, 12, 2, 10, and 6.
workers from other Exposed

regional factories no Median: 1.38 ppm (1.7 | Selected Comparison of Chromosome Aberration
formaldehyde exposure mg/m?) Rates*

frequency-matched by age 10" & 90" percentile: | Chromosome IRR 95% Cl p-Value

and gender; participation |0-78,2.61ppm (0.96, | Monosomy

rates exposed 92%, 3.2 mg/m?) 1 2.31 1.61-3.31 6.02E-06
referent 95%; selected 5 2.24 1.57-3.20 9.01E-06
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Reference and study

design Exposure Results
subset with scorable Referent 7 2.17 1.53-3.08 1.57E-05
metaphases, high 0.026 ppm (0.032 4 2.02 1.40-2.90 0.00015
formaldehyde levels mg/m3) 19 1.74 1.29-2.34 0.00026
among exposed, 10™ & 90' percentile: | 10 1.86 1.30-2.65 0.00064
comparable referents with |0.015, 0.026 ppm 16 1.54 1.12-2.12 0.0075
scorable metaphases (29 | (0.019, 0.032 mg/m3) Trisomy
exposed and 23 referent). 5 3.40 1.94-5.97 1.98E-05
Outcome: Chromosome- |Formaldehyde LOD: 19 2.07 1.24-3.46 0.0055
wide aneuploidy in CFU- 0.012 ppm 21 2.09 1.22-3.57 0.0071
GM colony cells cultured Tetrasomy
for 14 d using Personal sampling for | 4 1.64 1.21-2.21 0.0012
OctoChrome FISH; scored |organic compounds 15 3.10 1.53-6.28 0.0017
minimum 150 cells/ on 2 or more 17 2.40 1.33-4.32 0.0036

subject; analysis blinded
to exposure. Analyzed
using negative binomial
regression controlling for
age and gender; incidence
rate ratic (IRR}). Also
evaluated potential
confounding from current
smoking and alcohol use,
recent infections, current
medication use, and body
mass index (Supplemental
tables in the paper)

Related reference: Zhang

et al, {2010)

occasions. No
chloroform,
methylene chloride,
tetra-chloroethylene,
trichloro-ethylene,
benzene, or
hydrocarbons were
detected; urinary
benzene at
background levels and
similar between
groups

* Chromosomes with IRR with p-values < 0.001.

Increased frequency of structural chromosome aberrations
in chromosome 5, IRR 4.15, 95% CI 1.20-14.35 (p = 0.024).

Santovito et al, (2014}
ltaly

Prevalence study
Population: 20 female
nurses from 2 analogous
departments in 2 hospitals
(mean age 37 yr); 20
unexposed from
administrative
departments of same
hospital {mean age 39.6
yr); all nonsmokers and
did not consume alcohol
QOutcome: Peripheral
blood samples, coded.
Cultures incubated for 48
hr for CA and 72 hr for
SCE; CA slides stained with
5% Giemsa, scored 200
metaphases per subject,

All exposed used
protective equipment;
no formaldehyde
measurements; nurses
also exposed to
antibiotics, cytostatic
drugs, anesthetics and
sterilants

Employment duration:
Exposed 11.8 yr, range
1-28 yr; Referent 11.2
yr, range 7-20 yr

Frequency of Chromosomal Aberrations and SCEs
among nurses and referent {mean * SE)

# Nurses Referent
CA/ NSM 20 0.025 £0.003 0.02 £0.003
Cells with 20 0.025 £ 0.003 0.02 £ 0.003
aberrations/
NSM
SCEs/ NSM 20 6.55 + 0.033* 4.10+0.37
NSM: number of scored metaphases
*p <0.001

No association CAs or SCEs with age or duration
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Reference and study
design

Exposure

Results

SCE 50 metaphases scored
per subject; Mean
frequencies compared,
Wilcoxon test

Costa et al. (2013)
Portugal

Prevalence study
Population: 35 pathology
workers from 4 hospital
laboratories, exposed to
formaldehyde for at least
1yr (88.6% female, mean
age 41.2 yr, 20% smokers),
compared to 35
unexposed employees
from same work area

(80% female, mean age
39.8 yr, 20% smokers).
QOutcome: SCE, coding
and analysis blinded; stain
fluorescence plus Giemsa,
scored 50 Mz metaphases/
subject by one reader

Related references: Costa
et al. (2011); Costa et

al. {2008)

Exposure assessed via
air sampling and
deriving an 8-hr TWA
for each subject.

Exposure
concentration:
Mean: 0.44 mg/m3
Range: (0.28-0.85)
mg/m?

Exposure duration
12.5 {1-30) yrs

Mean SCE per cell 1.3-fold higher in exposed workers
compared to controls (p <0.05, Student’s t-test).
Univariate analyses presented in Figure 1 of Costa et al.

(2013)

Mean SCE per cell in peripheral lymphocytes:
ratio of exposed to referent

Ratio 95% Cli
SCE/cell 1.245 0.594 -1.897

Multivariate analysis adjusted for gender,
smoking, and age

Musak et al. {2013)
Slovakia

Prevalence study
Population: 105
technicians and
pathologists at hospital
labs (79% female, mean
age 41.7 yrs, 27.6%
smokers) compared to 250
other medical staff (89%
female, mean age 36.2 yrs,
19.2% smokers), all
healthy.

Outcome: Differences in
frequency of
chromosomal aberration
in peripheral blood
lymphocytes, blinded
analysis, 100 mitoses
scored/ subject, 2 scorers

Air monitoring once
per year (no details
provided).

Exposure conc.:
Mean: 0.32 mg/m3
Range: 0.14-0.66
mg/m?>

Exposure duration:
Mean: 14.7 £ 10.4 yrs
Range: NR

Chromosome aberrations in peripheral

lymphocytes

Aberration OR 95% Cli
CA 1.70 1.6-2.72
CTA 1.37 0.85-2.19
CSA 1.57 0.98-2.53
Chromosomal 2.6 1.1-5.9
exchange

Binary logistic regression controlling for age, gender,
job type, and smoking
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Reference and study
design

Exposure

Results

Gomaa et al. {(2012)
Egypt

Prevalence study
Population: 30 workers in
pathology, histology and
anatomy laboratories at a
university (30% female,
mean age 42.5 yr)
compared to 15 referents
(46.7% female, mean age
39.3 yr). Source of
referent was not
described.

Outcome: Chromosome
aberrations in peripheral
blood lymphocytes,
cultured 72 hr, blinding
not described; mean # per
100 metaphases;
Difference between
exposed and referent,
Student’s t-test

No formaldehyde
measurements;
exposure defined by
job type

Mean employment
duration 14.3 yr

Chromosomal aberrations in peripheral lymphocytes

Structural Referent Exposed
Chromatid gap 1.9+0.36 6.5 £ 0.65*
& break

Chromatid 8.7 £0.55 15.5 £ 0.47*
deletion

Ring 5.5+0.33 16.4 £ 0.29*
chromosome

Dicentric 0.9+041 9.0 £ 0.54*
chromosome

Total 20.0+£0.27 46.4 £0.35
Numerical

Aneuploidy 0.2+0.12 0.7+0.10
Polyploidy 061014 0.9+0.09

* Student’s t-test, p <0.05; mean per 100 metaphases
+SE

No association with age or gender, ANOVA

Santovite et al. (2011)

ltaly

Prevalence study
Population: 20 pathology
workers (70% female,
mean age 45.7 yr)
compared to 16 workers
from the same hospital
(43.8% female, mean age
42.1 yr). All subjects were
non-smokers and had not
consumed alcohol in 1 yr.
QOutcome: Frequency of
chromosome aberrations
per cell and mean % cells
with aberrations; Venous
blood sample collected at
end of shift on same day
as formaldehyde
measurements, samples
coded and processed
within 4 hrs of collection,
cells harvested 48 hr, 5%
Giemsa stain, scored 100
metaphases/subject

Exposure conc:
Personal air sampling,
8-hr duration.
Referent: Mean: 0.036
+0.002 mg/m3
Pathologists: Mean:
0.073 £ 0.013 mg/m3
LOD 0.05 mg/mL

Exposure duration:
Mean: 13 yrs
Range: 2-27 yrs

Chromosomal aberrations in peripheral

lymphocytes

Referent Exposed
Mean CA/cell 0.011 £ 0.004 0.03 £ 0.004*
% of cells with 1.00£0.342 2.50£0.286

aberrations

*p <0.001, Mann-Whitney U test

Effects of exposure on chromosomal aberrations
and cells with aberrations {coefficient (SE})

Exposure p- Value
#CA 0.960 (0.275) 0.001
# cell with 0.838 (0.287) 0.004

aberrations

Generalized linear models with Poisson error
distribution, adjusted for age
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Reference and study

design Exposure Results
Jakab et al. {2010) Exposure assessed via | Cytogenetic analysis in cultured peripheral
Hungary records on area air lymphocytes (mean + SD}
Prevalence study samples, measured Unexposed Exposed
Population: 37 female within 1-3 yrs of data | Total CA 1.62£0.26 3.05+0.62"
workers in 3 hospitals & 1 collection. Chromatid-type 1.00+0.20 2.35 £ 0.46*
university pathology aberrations
department (21 exposed | Exposure Chromosome- 0.62 +0.18 0.70+0.26
to formaldehyde alone Concentration: type
(mean age 43.3 yr, 23.8% |8-hr TWA: 0.9 mg/m? aberrations
smokers), compared to 37 |Range: 0.23-1.21 Aneuploidy 8.89 + 0.66 5.4 +0.61*
healthy female unexposed mg/m? SCE (%/cell) 6.16 +0.16 6.36 +0.26
health-service staff (mean |Exposure duration: High frequency 3.76 +1.14 7.05£2.19
age 41.8yr, 16.2% Mean: 17.7 yrs SCE
smokers). Range: 4-34 yrs PCD (%) 7.6+0.84 13.65 # 1.59*
Outcome: Peripheral PCD {CSG) 5.57 £ 0.66 8.8 +1.07*

lymphocytes; CA, SCE,
premature centromere
division (PCD), mitoses
with >3 chromosomes
with PCD {centromere
separation general (CSG)),
CA stain 5% Giemsa, cells
harvested 50 hr, scored
100 metaphases/ subject.
SCE fluorescence plus
Giemsa; scored 50 cells/
subject; analyses blinded

*p <0.05, Student’s t-test, compared to controls
SCE % and mean HF/SCE higher in referent and exposed
smokers; mean SCE % associated with older age

Zhang et al. (2010}
China

Prevalence study
Population: 43
formaldehyde-melamine
workers (95% employed
for >1 yr) compared to 51
workers from other
regional factories
frequency-matched by age
and gender; participation
rates exposed 92%,
referent 95%; Analyzed
subset of exposed (n=10, 9
male, 1 female, mean age
31yr) and referent (n =12,
11 male, 1 female, mean
age 32 yr)

Outcome: Chromosome
aberration in peripheral
blood cells, blinded to

Personal monitors for
3 d within a 3-wk
period.
Formaldehyde
concentration: 8 h
TWA

Exposed

Median: 1.57 mg/m3
10" & 90™ percentile:
0.74, 3.08 mg/m?

Referent

0.039 mg/m?

10™ & 90' percentile:
0.022, 0.039

Leukemia-specific chromosome changes:

Significant increase chromosome aneuploidy in cultured CFU-
GM colony cells among subset of high exposed (n =10)
compared to matched controls (n = 12)

Data provided in Figure 4 of Zhang et al. (2010).

Analyzed using negative binomial regression (exposed
compared to unexposed) controlling for age, gender, and
smoking

Mundt et al. presented individual data in graphs for
chromosome 7 and chromosome 8 (n = 10 exposed and n =
12 controls), noting smoking status and whether 150 or more
cells were evaluated. No patterns apparent.
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Reference and study
design

Exposure

Results

exposure. Chromosome
aneuploidy in cultured
CFU-GM colony cells using
FISH; monosomy 7 and
Trisomy &; scored
minimum 150 cells/
subject.

Related reference:

Mundt et al. (2017);
Lan et al. (2015);
Gentry et al. (2013)

Costa et al. (2008)
Portugal

Prevalence study
Population: 30 pathology
lab workers (4 hospitals),
(70% female, mean age 38
yr, 27% smokers)
compared to 30
administrative employees
matched by age, gender,
lifestyle, smoking habits
and work area (63.3%
female, mean age 37 yrs,
23% smokers).

QOutcome: Peripheral
lymphocytes; blood
samples collected 10-11
am; processed
immediately; stain
fluorescence plus 5%
Giemsa, SCE/ cell 50 s
division metaphases
scored by one ohserver,
Scored blind to exposure
status. Effect of smoking
and gender also analyzed

Exposure assessed via
air sampling at
breathing zone and
deriving an 8-hr TWA
for each subject

Concentration:
Mean: 0.54 mg/m?3
Range: (0.05-1.94)
mg/m?3

Duration: 11 yrs
Range: (0.5-27) yrs

Mean SCE per cell in peripheral lymphocytes

Controls
SCE/ cell 449+0.16
*p <0.05, Student’s t-test

Exposed
6.13 £0.29*

No association of SCE with gender or age. Smoking increased
SCE among referent group (smoking prevalence 23% in
referent, 27% in exposed.

No association of SCE with duration of exposure

Pala et al. (2008) Italy
Prevalence study
Population: 36 lab
workers (66.7% female,
mean age 40.1yr, 16.7%
smokers)

Outcome: CA and SCE, in
peripheral lymphocytes
(blood sampled at end of

Personal air
monitoring (&-hr
sample)

High exposure group:
20.026 mg/m3, 75
percentile (range
0.005-0.269 mg/m?3)
and low-exposure
group: <0.026 mg/m®
Concentration:

Frequency chromosome aberrations in
peripheral lymphocytes

CA SCE
<0.026 295+1.79 6.57 +1.38
mg/m? (n=19) (h=17)
20.026 2.22+1.27 5.06 +0.76
mg/m? (n=5) (n=2)
Means ratio  0.83 0.81
(95% Cl) (0.42-1.64) (0.56-1.18)
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Reference and study
design

Exposure

Results

8-hour) Blinded analyses,
CA: cells harvested at 48
hr, 100 metaphases/
subject, SCE: harvest at 72
hr, 30 2@ division cells/
subject.

Low (n = 27):0.015
(0.005-0.0254) mg/m?
High (n = 9): 0.056
(0.026-0.269) mg/m3

Multivariate regression models adjusting for gender, age and
smoking; Poisson model for CA, SCE log-normal random
effects model

Authors did not use a referent group

Ye et al. {2005} China
Population: 18 workers at
a formaldehyde plant at
least 1 yr (38.9% female,
mean age 29 yr, , and 16
workers exposed to indoor
air formaldehyde via
building materials (75%
female, mean age 22 yr)
compared to 23 students
with no known source of
formaldehyde exposure
(dormitories) (48% female,
mean age 19 yr); all
nonsmokers

Outcome: SCE in
peripheral lymphocytes,
time of sample not stated;
stain Giemsa solution,
analysis blinded, 30 M»
lymphocytes analyzed/
subject.

Area samples;
Exposure duration:
Workers 8.5 (1-15) yrs
Waiters 12 wks

TWA Concentration
Controls

0.011 + 0.0025 mg/m?
Max. 0.015 mg/m?
Wait staff

0.107 + 0.067 mg/m3
Max. 0.30 mg/m?
Workers

0.985 + 0.286 mg/m>
Max. 1.694 mg/m?

SCE frequency by exposure group

Referent Wait Formaldehyde
Staff workers
Mean SCE 638+ 6.25 8.24 £ 0.89*
0.41

*p <0.05, ANOVA. Values estimated from graph in Figure 2
of Ye et al.

(Shaham et al., 2002)
Israel

Prevalence study
Population: 90 workers
from 14 hospital
pathology departments
(65 females, 25 males;
mean age 44.2 yr, 34%
smokers) compared to 52
administrative workers
from the same hospitals (8
females, 44 males; mean
age 41.7 yr, 46.9% active
smokers, 53.1%
nonsmokers)

Outcome: SCE in
peripheral lymphocytes;
Mean # SCEs per
chromosome and
proportion of high

Personal and area
samples, sampling at
different points in
work day, sampling
duration averaged 15
min

Exposure
concentration:

Low level exposure:
Mean: 0.49 mg/m3
Range: 0.05-0.86
mg/m3

High level exposure:
Mean: 2.76 mg/m3
Range: 0.89-6.89
mg/m?>

Exposure duration:
Mean: 15.4 yrs

SCE frequency in peripheral lymphocytes by
exposure group and smoking status {(mean £ SE)

Mean number Mean

SCEs per proportion of

chromosome high frequency

cells

Unexposed 0.19 £ 0.004 0.44 £0.02
Exposed 0.27 £ 0.003* 0.88 £ 0.01*
No smoking
Low 0.28 £ 0.004 0.88 £ 0.015
High 0.26 £ 0.021 0.86 +£0.016
Smoking
Low 0.27 £0.007 0.89 +0.018
High 0.28 + 0.006 0.92 +0.021

*p <0.01, ANOVA adjusting for age, gender, smoking
status, education years and origin (ethnicity)

No association with exposure duration (<15 years and >15
years) with adjustment for age, gender, smoking status,
education years and origin (ethnicity)
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frequency cells compared
between exposed and
referent. High frequency
cells defined as > 8 SCEs;
blinding not described,
stain fluorescence plus 5%
Giemsa, scored 30-32
cells/ subject.

Related references:

Shaham et al. (1997}

Range: 1-39 yrs

Lazutka et al. {1999)
Lithuania

Prevalence study
Population: Carpet and
plastic manufacturing;
Carpet plant, exposed, 38
male, 41 female (age
22-65 yr, 49% smokers);
unexposed, 64 male, 26
female, 30% smokers;
Plastic plant, exposed 34
male, 63 female (age 28—
64 yr, 37% smokers);
unexposed 64 males, 26
females

QOutcome: CA in peripheral
blood lymphocytes;
fluorescence plus Giemsa
stain, cells harvested 72
hr, scored 100
metaphases/ subject on
coded slides.

Industrial hygiene
area measurements
reported by plants;
carpet plant,
formaldehyde 0.3-1.2
mg/m?3, styrene
0.13-1.4 mg/m3,
phenol 0.3 mg/m3;
plasticware plant,
formaldehyde 0.5-0.9
mg/m3, styrene
4.4-6.2 mg/m?3,
phenol 0.5-0.75
mg/m?3

Duration exposure,
carpet plant: 2 mo-21
yr; plastic plant: 2
mo-25yr

Frequency of chromosomal aberrations in peripheral
blood lymphocytes by exposure (CA/ 100 cells £
SEM)

# CA Frequency
Carpet Workers
Exposed 79 3.79 £ 0.32%
Referent 30 1.68+0.13
Plasticware
workers
Exposed 97 417 £0.29*
Referent 30 1.68+0.13

*p < 0.0001; ANOVA adjusted for age
Predominant types of damage were chromatid and
chromosome breaks

Duration of exposure not associated with CA frequency; Age
and smoking (data not shown) were not associated with CA
frequency

Shaham et al. {1997)
Israel

Prevalence study
Population: 13 pathology
workers {mean age 42 yr,
23% smokers) compared
to 20 referent workers
matched by age (mean
age 39 yr, 30% smokers).
Outcome: SCE in
peripheral lymphocytes,
Mean # per chromosome,
stain fluorescence plus 5%
Giemsa, blinding not
described, mean of 30
cells/ individual,

Field and personal air
sampling, sample
duration 15 min,
multiple times during
work-day (# not
reported).
Concentration:
Mean: not reported
Range: 1.7-1.97
mg/m?3

Personal samples:
Range: 3.4-3.8 mg/m3

Exposure duration
mean 13 yrs (range
2-25 yrs)

SCE (mean # per chromosome)} in peripheral
lymphocytes

Unexposed Exposed
SCE 0.186 £ 0.035 0.22 £ 0.039*
*p =0.05, ANOVA adjusted for smoking status

years of exposure linearly correlated with mean number of
SCE per chromosome, adjusting for smoking
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Related references

Shaham et al, {1996)

Kitaeva et al. (1996)
Russia (translated)
Prevalence study
Population: 15
formaldehyde production
workers (5 females, 10
males, mean age 38 yr),
anatomy instructors (6
female, 2 male), mean age
41 yr) compared to 6
unexposed (mean age
28.5yr)

Outcome: Blood collection
in 1988. CA: cells
harvested at 72 hr;
blinding not described.
Unclear if statistical
analyses were performed.

No quantitative
exposure assessment
Exposure duration:
Formaldehyde
production 9.7 yrs
Anatomy instructors
17 yrs

CA (% aberrant metaphases) in peripheral

lymphocytes
Referent {(n=6) Exposed

Workers (n=8)
% of 1.8 £0.6 (547 541+1.9(148
metaphases at  metaphases metaphases
72 hrs examined) examined)
lymphocyte
culture

No metaphases observed at 72 hours in lymphocyte cultures
from anatomy instructors

Authors reported that % CA was not dependent on age,
gender and length of employment

Vasudeva and Anand

{1996} India

Prevalence study
Population: 30 female
medical students exposed
15 mos, compared to 30
age-matched nonmedical
students. All 17-19 yrs
old

Outcome: chromosomal
aberrations in peripheral
blood samples, mean
frequency aberrant
metaphases, cells
harvested at 72 hr, 100
cells/ subject; blinding not
reported.

Exposure not
guantified

Exposure conc.: < 1.23
mg/m3

Exposure duration:
15 mos

No significant difference in chromosomal aberrations
between groups (p >0.5).

Mean frequency of aberrant metaphases

Exposed: 1.2%

Unexposed: 0.9%

No additional quantitative information available

Vargova et al. {1992)
Czechoslovakia
Prevalence study
Population: 20 wood
workers with at least 5
years of exposure (10
females, 10 males, mean
age 42.3 yr}), compared to
19 workers from the same

Task-based air
sampling in breathing
zone over 8 hours
Exposure conc.:
Range: 0.55-10.36
mg/m?3

Exposure duration:
5->16 yrs

Freguency of chromosomal aberrations in
peripheral lymphocytes by exposure group

Exposed Unexposed?
% aberrant 3.08 3.60
cells
# breaks per 0.045 0.030
cell®

& According to authors, both groups reported %
aberrant cell levels above normal range (1.2-2%)
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plant with no known
occupational contact with
chemicals.

Outcome: CA frequency,
peripheral lymphocytes,
Giemsa staining, cells
harvested 48 hr, 100 cells/
subject. Blinding not
described.

Bauchinger and

Schmid {1985)

Germany

Prevalence study
Population: 20 male paper
makers exposed for at
least 2 yrs (mean age 40.8
yr, 30% smokers)
compared to 20
unexposed male workers
from the same factory
Outcome: Peripheral
lymphocytes, CA/ cell
(scored 500 cells/ subject),
cells harvested 48 hr,
Giemsa staining; SCE/ cell
(scored 50/ subject)
analyzed using coded
slides, SCE stratified by
smoking status.

Exposure assessment
based on air
monitoring and job-
function.

Exposure
concentration.: =1.47
mg/m?3, plus 3.7
mg/m3 for 45 min
(supervisors) or 90
minutes (operators)
per 8 hrs

Exposure duration
Mean: 14.5 yrs
Range: 2-30 yrs

Frequency of CA and SCE/cell {mean £ SE} in
peripheral lymphocytes

Referent Exposed

% cell with CA 0.86 £0.10 0.87 £0.08

SCE/ cell 9.53+.0.35 8.87+0.24

Aberrations/ cell

Chromatid 0.0038 = 0.0042 + 0.0005
0.0005

Acentric 0.0046 0.0034 £ 0.0005

fragments 0.0006

Dicentrics 0.0005 0.0013
0.0002 0.0003*

Centric rings 0.0001 ¢ 0.0003 ¢
0.0001 0.0001*

*p <0.05, Mann-Whitney rank U test
Frequency of SCE was not associated with exposure when
stratified by smoking

Thomson et al. (1984)
Great Britain

Prevalence study
Population: 6 pathology
workers (2 female, 4 male,
mean age 33.5 yr)
compared to 5 referents
(3 female, 2 male, mean
age 27.8 yr) (study details
on referent not provided)

Outcome: CA frequency,
stain fluorescence plus
Giemsa technique (Perry
and Wolff, 1874), cells
harvested 48 hr, slides
coded and scored 100 1
division metaphases/

Personal air
monitoring over 1-3
months before blood
samples

Exposure conc.: TWA
Mean: 2.26 mg/m?>
Range: 1.14-6.93
mg/m?>

Exposure duration: 4—
11yrs, 2-4 hr/d, 2-3
d/wk

No significant difference in incidence of chromosome
aberrations or SCE frequency found between groups.

SCE frequency {mean per cell)
Exposed (N=6) 6.78 + 0.31
Referent (N=5) 6.44 + 0.38

{(individual data reported, analytic methods were not
described)
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subject; SCE frequency,
cells harvested 72 hr, 50
cells/ subject

Fleig et al. (1982}
Germany

Prevalence study
Population: 15
formaldehyde-
manufacturing workers
(mean age 50 yr)
compared to 15 age-and
gender matched
unexposed workers from
same plant.

Outcome: Chromosome
aberrations in peripheral
blood lymphocytes cells
harvested 70-72 hrs, 10%
Giemsa stain; slides
coded; scored 100
metaphases/ subject.

Personal air sampling.
1946-1971: <6.15
mg/m? (MAK)
1971-1982: <1.23
mg/m?3 (MAK)

Duration:
Mean: 28 yrs
Range: 23-35 yrs

Chromosomal aberrations in peripheral blood
lymphocytes

Unexposed Exposed
Mean % aberrant 3.33 3.07
cells including gaps
Mean % aberrant 1.07 1.67

cells excluding gaps
P >0.05, Fisher’s exact text

Smoking habit not associated with CA (data not reported)

Suskov and Sazonova

{1982} Russia

Prevalence study
Population: 31 phenol-
formaldehyde workers
(mean age 39.1 yr)
compared to 74 referents
matched by gender,
smoking, alcohol
consumption, and
medication

QOutcome: Chromosomal
aberrations via mean
frequency of aberrant
metaphases, Buckton

and Evans {1973)
method; cells harvested at
50 hr

Workers exposed to
both phenol and FA.
Area samples
Exposure conc.:
Formaldehyde Mean:
0.5 mg/m?

Phenol mean: 0.3
mg/m?3

Exposure duration:
4 mos to 30 yrs

Frequency of chromosomal aberrations by
exposure group

Mean % aberrant Referent Exposed
cells

Aberrant 241022 5.0 £ 0.40*
metaphases

Aberrant 0.024 + 0.058 +
chromosomes per 0.002 0.006*

cell

Chromosomal 1.26 £+ 0.076 1.27 £0.044
breaks per aberrant

chromosome

*p <0.001, chi-square

Short-term Studies

Ying et al, {1999} China

Population: 23
nonsmoking anatomy

Air sampling,
estimated TWA and
peak levels during

Frequency SCE and lymphocyte transformation rate
{LTR) {%) {(Mean+SEM), Change over 8 wks
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students (11 males, 12 class and in the Before After exposure
females, age not reported) | dorms. exposure
exposed during 8-week Anatomy labs: SCE 6.383 + 0.405 6.613 +0.786
course, 3-hr session, 3 Mean 3-hr TWA: 0.51 LTR 59.07 £6.35 56.92 £ 8.64

times/ wk.

Outcome: SCE in
peripheral blood
lymphocytes, assessed
before the start of the
course and at the end of
8-week period. Blinded
analysis of slides, one
observer with repeat by
second; 30 M
lymphocytes per subject
analyzed; Lymphocyte
transformation rate (LTR)

+0.299 mg/m3, range:
0.07-1.28 mg/m?3
Dormitories:

Mean TWA: 0.012
0.003 mg/m3, range:
0.011-0.016 mg/m3
Duration: 8 wks

*p <0.05, paired t-test

Levels in males and females were similar

He et al, {1998) China
Prevalence study
Population: 13 anatomy
students exposed during a
12-week course compared
to 10 students. Age and
gender similar between
groups, all nonsmokers
(data not shown).
Outcome: CA and SCE in
peripheral lymphocytes,
CA: modified fluorescence
plus Giemsa stain, cells
harvested 48 hr, scored
100 metaphases/ subject.
SCE: cells harvested 72 hr,
50 metaphases/ subject.
Blinding not described

Breathing zone air
samples in location of
exposed students.
Concentration in
breathing zone: Mean
2.92 mg/m?3

Duration:

12 weeks (10 hrs/wk)

Frequency of SCE and chromosomal aberrations in
peripheral lymphocytes

Referent Exposed
Mean SCE per 5.26+0.51 591 +0.71*
cell
Lymphocyte CA 340+ 1.57 5.92 + 2.40%

*p <0.05, analytic test not described

Suruda et al. (1993)
USA

Panel study

Population: 29 students
(with adequate samples)
(24.1% female, mean age
23.6 yr, 17.2% smokers)
exposed to formaldehyde
for 9 wks during
embalming course, with
baseline samples taken.
Mean duration of

Personal sampling for
121 of 144
embalmings; Exposure
concentration: Mean:
1.72 mg/m3

Range: {0.18-5.29)
mg/m?>

Duration:
9 wks (0.173 yrs)

Frequency of SCE before and after a 9-wk
embalming course

Before After exposure
exposure
SCE 7.72+1.26 7.14 £ 0.89*

*p <0.01, difference in mean before and after
exposure, matched Student’s t-test
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embalming 125 min.
Possible exposure prior to
course,

Outcome: SCE in
peripheral lymphocytes,
stain fluorescein plus
Giemsa, 50 s division
metaphases scored/
subject; blood samples
collected in morning
before 1% class and after 9
wks; analysis of slides
blinded to exposure status

Yager et al. (1986)
USA

Panel study

Population: 8 anatomy
students {1 male, 7
females, mean age 26 yr,
all nonsmokers) exposed
to formaldehyde during a
10 wk course {2 sessions/
wk). No occupational or
lab formaldehyde
exposure during previous
year.

Outcome: Mean SCEs per
cell in peripheral
lymphocytes; before and
after 10 weeks, samples
coded and randomized
together for analysis

Ambient air and
breathing zone
monitoring.

Breathing zone
concentration:
Mean:1.5 mg/m3
Range: 0.9-2.4 mg/m?
Exposure duration:

10 wks

Mean SCE per cell before and after 10-wk course

{mean + SEM)

Mean SCE per
cell

6.39

After
7.20 £0.33%

Before
+0.11

*p =0.02, paired t-test

Zeller et al. (2011)
Germany

Controlled human
exposure study

Subjects: 41 healthy
volunteers exposed 4 hr/d
for 54, all male,
nonsmokers

Outcome: SCE in
peripheral lymphocytes:
method according to
Schmid and Speit (2007),
scored 30 cells/ sample.
Proliferation index (Pl)

12 groupsof 2to 4
persons in a chamber,
exposures randomly
assigned.
Formaldehyde
concentrations: 0 (i.e.,
background level of
0.01 ppm), 0.3 ppm
(0.37 mg/m?3)® with
four peaks of 0.6 ppm
(0.74 mg/m3), 0.4 ppm
(0.49 mg/m?) with
four peaks of 0.8 ppm
(0.98 mg/m® and 0.5

Frequency of SCE/ metaphase and Pl in
lymphocytes before and after 4-hour exposure (N =

40)
SCE/ PI
metaphase
Lymphocytes
Before 6.1+0.898° 246 +0.114
After 6.1+0.938 2.47 £0.145
%p =0.689
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calculated from 1%, 27,
and 3™ mitoses in 100
metaphases. Analyzed
using Wilcoxon Sign Rank
test

ppm (0.67 mg/m3) and
0.7 ppm {0.86 mg/m3),
peaks 15 min each, 4
15-min exercise
sessions during
exposure,

Chromozomal Breaks or Aneuploidy

Prevalence Studies

Aglan and Mansour

{2018} Egypt

Prevalence study, June
2015 - September 2016
Population: 60 hair stylists
who routinely conducted
hair straightening
compared to 60 stylists
who did not conduct this
treatment. Excluded
subjects with chronic
disease and for regular
medications, family
history of cancer,
recurrent abortions,
smoking or pregnancy.
Ages 20 — 36 years.
Outcome: Blood collected
at end of 8-hour shift.

CB Micronucleus test in
lymphocytes. Replicate
cultures for each sample,
incubated 72 hours. 2,000
binucleasted cells from
coded slides (1,000 from
each replicate culture),
scored using criteria by

Fenech et al. {2003).
MN frequency % altered
cells.

MN in exfoliated buccal
cells. Cheeks scraped with
wooden spatula, fixed in
3:1 methanol/ acetic acid
and dropped onto slides,
stained with Feulgen/ Fast
Green, examined at 400x

according to Tolbert et

al. {1991). Analyzed

Passive air sampling
(Umex-100) at fixed
position in breathing
zone, 15-minute
samples during hair
straightening process;
15-minute TWA
Group 1 (work
duration < 5 years):
1.68 £0.27 ppm
Group 2 (work
duration > 5 years):
1.83 £0.16 ppm

MN frequency (%) in PBL and buccal cells by
duration of employment (< 5 and > 5 years)

PBL EBC

Mean + SD Mean + SD
Referent (n=60) 0.22 +0.42" 0.17 £0.38"
<5years 0.61£0.50 0.32+048
(n=31)
> 5 years 1.66 +£0.48 0.94 +0.58
(n=29)

"p <0.01, ™ p <0.001, Kruskal Wallis test
Between group differences statistically significant in PBL and
for EBC except between referent and < 5 year exposure
group (least significant difference test)
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independently by 2
people, 1,500 cells scored
per person using criteria

by Sarto et al. (1987).

% altered cells.

Costa et al. (2019)
Portugal

Prevalence study
extension of

extension of Costa et

al, {2015) adding

outcomes

Population: 85 anatomy
pathology workers from 9
hospital laboratories,
exposed to formaldehyde
for at least 1 yr, compared
to 87 unexposed
employees from
administrative offices in
same geographic area.
Exclusions: cancer history,
radiation therapy or
chemotherapy, surgery
with anesthesia or blood
transfusion in last year.
Exposed and referent
similar for mean age 39
yrs, 77% females, 25%
smokers. Outcome:
Peripheral blood samples,
coded, analyses blinded to
exposure status.
Exfoliated cells were
collected for each cheek
separately. Cytokinesis-

blocked MN test, Costa

et al. (2008); culture

incubation 72 hr; stain 4%
Giemsa; scored 1,000
binucleated cells/subject,
criteria defined by

Fenech (2007).

Buccal MN cytome assay.
2,000 differentiated cells
scored for frequency of
MN, nuclear buds and

Exposure assessed via
air sampling and
deriving an 8-hr TWA
for each subject.

Exposure
concentration:

Mean: 0.38 ppm (0.47
mg/m?3)

Range: 0.28-1.39 ppm
{0.34-1.72 mg/m3)

Exposure duration
12.0 £ 8.2 years

MN frequency (%) in peripheral lymphocytes,
exposed relative to referent group, Mean Ratio
(MR}

Ratio 95% Cl
Exposure 1.55%* 1.2-1.99
Poisson regression models adjusted for age,
gender, smoking habits

**p <0.01
MN frequency in exfoliated huccal cells, Mean
Ratio (MR}
Exposed: MR 95% Cli
Unexposed
MNB 63:69 4.08*** 2,12 -7.87
BNbud 63:69 2.88%**  176-4.71

Poisson regression models adjusted for age,
gender, smoking habits; ***p < 0.001

Correlation between MNL and MNB: r = 0.359, p < 0.001

MN frequency in PBL and exfoliated buccal cells
by level and duration in exposed, Mean Ratio

(MR)
MNL BNbud
N MR 95%Ct N MR 95%Cl
Level
{ppm)
0.08-0.22 27 1.0 20 1.0
0.23-0.34 29 1.5%* 1.12-2.00 16 1.42 0.64-3.14
0.35-1.39 28 1.37 1.04-1.81 17 1.96 0.91-4.24
*k
Duration
years
<8 28 1.0 25 1.0
8-14 28 0.78 0.51-1.23 18 0.74 0.30-1.78
> 14 28 0.68 0.40-1.15 20 1.00 0.37-2.74

Poisson regression models adjusted for age, gender, smoking
habits
*p < 0.05; **p <0.01.
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nucleoplasmic bridges
according to Tolbert et
al. {1991} and Thomas

et al. (2009).

T-Cell Receptor mutation
assay in mononuclear
leukocytes, flow
cytometry, minimum of
2.5 x 105 lymphocyte-
gated events were
acquired, # events in
mutation cell window
(CD3-CD4+ cells) divided
by total number of events
for CD4+ cells

Wang et al. (2019}
Shanghai, China
Population: 100 male
chemical production
workers exposed to
formaldehyde > 1 yr
through 4 work processes
(i.e., production
examination, glue
spraying, coating and
workplace inspection).
Unexposed group (n = 100
males) from the logistics
workshop in same factory.
Exposed and referent
were comparable for
mean age, smoking and
alcohol consumption.
Outcome: CBMN

according to Fenech

{2000, 1993). Blinded
analysis. Venous
peripheral blood cultured
for 44 hr, Cytochalasin-B
added to cultures, cells
harvested 28 hrs later, air
dried slides stained with
Giemsa, MN dectected at
400x with confirmation at
1,000x%. 1,000 binucleated
cells scored/ subject

Routine formaldehyde
monitoring by factory
Range of geometric
means (mg/m3):
Exposed: 0.06-0.25
Unexposed: 0.01

Cumulative dose
(mg/m?>-yr)
determined for each
worker (CxT). C=
geometric mean of
concentration for a
year at a sampling
site, T = yrs.
Exposed: 0.90 {0.60-
1.78)

Referent: 0.06 (0.02-
0.10)

MN frequency (% per 1,000, 95% Cl} in PBLs
Referent

Exposed

3.05+1.47

1.71+0.96

Poisson regression models adjusted for age,
gender, smoking habits

Micronucleus frequency {per 1,000, frequency

ratio (FR}) in PBL)

CED (mg/m3 N Exposed FR (95% Cl)

year)

0.01-0.06 45 1362086 1

0.06-0.125 55 1.87+092 1.38(1.00-
1.91)

0.125-0.9 46 250+1.17 1.83(1.34-
2.52)

0.9-3.75 54 365140 2.67(1.99-
3.64)

Poisson regression models with adjustment for age,
smoking status and alcohol use
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Peteffi et al. (2015)
Brazil

Prevalence study
Population: 46 workers in
furniture manaufacturing
facility (mean age 34.5 yr,
56.5% male, 1 smoker)
and unexposed group (n =
45) recruited from
employees and students
of local university with no
history of occupational
exposure to potentially
genotoxic agents or
substances metabolized to
formic acid. {mean age
35.4 yr, 33.3% male, 0
smokers)

Outcome: Oral buccal
epithelial cell samples
(scraped with endocervical
brush}, micronucleus test,
DNA-specific Feulgen
staining and
counterstaining with Fast
Green according to
Tolbert et al. (1992);
analyzed 2,000 cells/
person by 2 independent
observers (1,000 ea).

Monitoring in 7
sections in facility;
referent monitoring in
5 areas of university;
breathing zone 8 hr
samples collected on
same day as biological
samples. Urine
samples collected at
end of work day on 5"
day of work;
correlation of
formaldehyde
concentration in air
with urinary formic
acid concentration, r =
0.626, p <0.001

UV painting,
lamination/press,
packaging, edge
lamination 0.03-0.04
ppm (0.037-0.05
mg/m?3)

Edge painting,
machining and drilling
center, board cutting
0.06-0.09 ppm
(0.07-0.11 mg/m?3))

Referent mean (SD)
0.012 (0.008) ppm
(0.015 (0.01) mg/m?)
Formic acid median
Exposed 20.47 mg/L
Referent 4.57 mg/L
Exposure duration
576yr

Comparisons of micronucleus frequency and other
DNA damage in buccal cells, median {(interquartile
range)

Referent Exposed p-
Value
Micronuclei 0 0 0.08
Nuclearbuds 0 0.24 0.126
(0-0.50) (0-0.63)
Binucleated 0.50 1.34 0.003
cells (0-1.38) (0.64-2.38)
Karyorrhexis 1.0 1.31 0.372
(0.49-2.04) (0.58-2.49)

Nonparametric tests used because data were not normally
distributed. Exposed and referent compared using Mann-

Whitney test.

No differences between men and women for measures of

DNA damage in either exposed or referent.

No correlation between urinary formic acid and measures of

DNA damage.

Souza and Devi (2014)
India

Prevalence study
Population: 30 male
workers in anatomy
departments (embalming)
in several medical colleges
(mean age 39.9 yr, 50%
smokers); compared to 30
male clerical workers in
same facilities (mean age

No measurements
reported.

Duration exposure
mean 10.66 yr, range
1-30yr

MHN frequency in Lymphocytes by Exposure Group
{mean {5D}}

Mean £ SD 95% Cl
Exposed (N = 9.5£3.23 8.29-10.7
30)
Comparison 3.73+£1.43 3.19-4.26
group (N = 30)
Difference in 576 4.47-7.06°
means?

“No difference = 0,
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37.8 yr, 30% smokers).
Outcome: Total MN/
1,000 cells in peripheral
lymphocytes. Assays
conducted blinded.
Cytokinesis -blocked

micronucleus assay Costa

et al. (2008}, 1,000

binucleated cells/ subject.

Association of MIN frequency with exposure and smoking
evaluated using two-way ANOVA. Smoking was not
associated with MN frequency.

Pearson’s correlation test showed a positive correlation {r=
(0.5, P = (.02} between the duration of exposure and the
frequency of MN in lymphocytes.

Bouraoui et al. {2013)
Tunisia

Prevalence study
Population: 31 pathology
workers (60% female,
mean age 42, 9.6%
smokers) compared to 31
unexposed administrative
staff in same facility (60%
female, mean age 43 yr,
12.9% smokers).
QOutcome: MN peripheral
lymphocytes: Cytokinesis-
blocked MN assay in
combination with FISH
using all-chromosome
centromeric probe Sari-
Minodier et al. (2002);
stain 5% Giemsa, 2,000
binucleated cells scored/

subject, Fenech {2000},
blinding not described

Exposure assessed by
job title and duration
of employment.
Atmospheric air
sampling performed in
area of potential
exposure
Concentration:

Means of 3 samplings:
0.25 mg/m3

2.21 mg/m?

4.2 mg/m?

Duration:
Mean 15.68 yrs {6.53
+ 0.7 hrs/day)

MN frequency in peripheral lymphocytes {(Mean +
SD)

Referent Exposed
MN (%/1,000 7.08 £4.62 25.35 + 6.28*
binucleated
cells)
FISH MN (%/ 6.12+4.24 23.25 +5.92*
2,000 cells)
C+MN 4.03+3.64 18.38 £ 5.94*
C-MN 2.09+0.74 4,87 +3.22
Cl+ MN 293274 15.35 £ 6.03*
Cx + MN 1.1+1.16 3.03+2.7*

*p <0.05, Student’s t-test

Duration of exposure was associated with all of the
cytogenetic alterations.
Abbreviations: C+, C -, C1 + MN, Cx+ MN

Costa et al. (2013)
Portugal

Prevalence study
Population: 35 pathology
workers from 4 hospital
laboratories, exposed to
formaldehyde for at least
1 year (88.6% female,
mean age 41.2 yr, 20%
smokers), compared to 35
unexposed employees
from same work area
(80% female, mean age
39.8 yr, 20% smokers).
Outcome: MN in
peripheral lymphocytes,

Exposure assessed via
air sampling and
deriving an 8-hr TWA
for each subject.
Exposure conc.:
Mean 0.44 mg/m>3,
range 0.28-0.85
mg/m?3

Exposure duration
12.5 £ 8.1 yrs, range
1-30yr

Univariate analyses presented in Figure 1 of the paper. MN
frequency was 2.5-fold higher in exposed group compared to
referent group.

MN frequency (%) in peripheral lymphocytes,
exposed relative to referent group

Ratio 95% Cl
Exposure 2.1 1.025-3.174
Multivariate analysis, adjusted for gender,
smoking and age
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design Exposure Results
samples collected
between 10 & 11 am.
Cytokinesis-blocked MN
test Teixeira et al.
{2004). 1,000 cells
analyzed/ subject,
MN per 1,000 binucleated
cells, scored blindly by one
reader, criteria Fenech
{2007}
Related references: Costa
et al. (2011); Costa et
al. (2008}
Lin et al. {2013) China |Personal air MN Frequency in peripheral lymphocytes by
Prevalence study monitoring and job formaldehyde exposure level and work years
Population: 96 plywood | assignment.
workers exposed to By Exposure levels
formaldehyde (13.5% Average Referent Low High
female, mean age 33 yr, | concentration: MN freq 205+1.72 2024181 237+1.79
30.2% smokers) compared | High, N = 38 (making (%)

to referent group (N = 82)
(4% female, mean age 31
yr, 40% smokers).
Outcome: MN assay in
peripheral lymphocytes,
analyzed 1,000
binucleated cells/ subject,
scoring criteria Fenech

{1993}, Fenech et al.
{2003}, blinded analysis

MN assessed by exposure
group and # years worked.

glue): 1.48 mg/m?,
range 0.914-2.044
mg/m3

Low, N =58 (sanding
boards, pressing wood
scraps with glue at
high temp): 0.68
mg/m?, range
0.455-0.792 mg/m3
Referent group, N=82
(grinding wood
scraps): 0.13 mg/m?>,
range 0.019-0.252
mg/m?>

Exposure duration:
2.52 yrs

ANOVA p-value = 0.455; Poisson regression p-value =
0.288
Number of Work Years

<1(N=57) 1-3 (N= >3 (N=57)
64)

MN freq 1.02+1.10 225% 2.90

(%) 1.56* 1.96*

ANOVA p-value < 0.001; Poisson regression p-value <
0.001

ANOVA and Poisson regression adjusting for age, gender,

smoking status, alcohol, duration of employment

Costa et al. (2011)
Portugal

Prevalence study
Population: 48 pathology
workers from 5 hospital
laboratories, exposed for
at least 1 year (28%
female, mean age 40 yr,
21% smokers), compared
to 50 unexposed

Exposure assessed via
air sampling in
breathing zone and
deriving an 8-hr TWA
for each subject.
Concentration:
Mean: 0.53 mg/m?>,
range 0.05-1.94
mg/m3

MN frequency (%) in peripheral lymphocytes

Referent Exposed
MN 3.66 £ 0.51 6.19 £ 0.62*

*p <0.05; Mann-Whitney U test and Kruskal-Wallis
test
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employees matched by
age, gender, lifestyle,
smoking habits and work
area (25% female, mean
age 37 yr, 14% smokers).
Outcome: MN in
peripheral blood
lymphocytes, (Teixeira
et al., 2004); stain 4%
Giemsa; scored 1,000
binucleated cells/ subject,
scored blind by one

reader, criteria Fenech

(2007}

Duration:
Mean: 13.6 yrs, range:
1-31yr

Ladeira et al. {2011)
Portugal

Prevalence study
Population: 56 hospital
workers in histopathology
labs {(66% female, mean
age 395 vyr, 19.6%
smokers) compared to 85
administrative staff (64%
female, mean age 32.4 yr,
29.4% smokers).
Outcome: MN in
peripheral lymphocytes
and buccal cells. Samples
coded and analyzed
blinded. Lymphocytes,
cytokinesis-block
micronucleus cytome
assay, stain May-
Grunwald-Giemsa, 1,000
binucleated cells scored/
subject by 2 readers;
buccal mucosa cells, stain
Feulgen, 2,000 cells
scored/ subject, 2 readers

Related references: S5peit
et al. (2012); Viegas et

al. (2010

Personal air sampling,
6-8 hrs, estimated 8-
hr TWA

Exposure conc.:

Mean TWA8 hr 0.2
0.14 mg/m?

Mean ceiling value:
1.4 £0.91 mg/m3,
range 0.22-3.6 mg/m?3

Exposure duration:
14.5 (1-33) yrs

MN frequency (Mean % SD} by cell type

Lymphoctyes Buccal cells
Referent 0.81+0.172 0.16 £ 0.058
Exposed 3.96 £ 0.525* 0.96 £ 0.277*
OR? 9.67 3.99
95% Cl 3.81-24.52 1.38-11.58

*p<0.002, Mann-Whitney test
#0dds ratio for risk of presence of MN; binary logistic
regression

MN frequency {(Mean t SD) by years of exposure

Years N Lymphocytes Buccal cells
<5 8 2.75+0.940 0.6310.625
6-10 19 3.05+0.775 0.63+0.326
11-20 12 550+1.317 0.83+0.458
>21 15 5.00+1.151 1.20+0.8

Evaluated potential confounding by age, gender,
smoking and alcohol, no major evidence of
confounding noted

Jiang et al. (2010)
China
Prevalence

Exposure assessed by
job title and personal
air monitoring.

Lymphocyte MN frequency by duration and
formaldehyde concentration

Duration MN? Cone. MNP

{yrs) (mg/m°)
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Population: 151 male Exposure 0.6-1 4.33+2.81 0.0123° 267+1.32
workers from 2 plywood | concentration ppm

plants (mean age 27.4 yr, |converted to mg/m? 1-3 584 +363 0.1353 4.03+2.40
52.3% smokers) compared | by EPA. 3-25 584+ 0.3444 574+

to 112 unexposed workers | Exposed: 3.24* 3.13*

at a machine 1.08 mg/m3, range 0.4797 6.76 +
manufacturer in same 0.1-7.75 mg/m3 3.81*
town {mean age 28.7 yr, Referent: <0.01 3.1488 8.25+
42.9% smokers). mg/m?3 (LOD) 3.53*

Outcome: Cytokinesis-
block micronucleus (CB-

MN}, Fenech (1993),

scoring criteria Fenech

et al. {2003}, 1,000

binucleated lymphocytes/
subject, blinded analysis

Duration:
Mean 2.51 yrs
Range: {0.5-25) yrs

SANOVA, Dunnett-Hsu test, p =0.04, adjusted for
age, formaldehyde concentration, current smoking
status, alcohol

PANOVA, p <0.05; Trend p <0.001

‘Referent group

Viegas et al. (2010)
Portugal

Prevalence study
Population: 30
formaldehyde factory
workers and 50
pathology/anatomy lab
workers exposed for >1
year (40% female, mean
age 35.7yr, 31.3%
smokers), compared to 85
unexposed individuals
(63.5% female, mean age
33.9 yr, 30.6% smokers)
Outcome: MN assay,
buccal mucosa cells and
peripheral lymphocytes.
Blinded coding and
analysis, Buccal cells,
Feulgen stain, 2,000 cells
scored/ subject by 4
observers, scoring criteria
Tolbert et al. (1992),
peripheral lymphocytes,
stain May-Grunwald-
Giemsa, 1,000 binucleated
cells scored/ subject

Also discussed in Viegas

et al. (2013)

Personal air sampling,
(N=2 in factory, N=29
in labs) 68 hrs,
estimated 8-hr TWA
Exposure duration:
Factory workers:

6.2 (1-27) yr

Lab workers:
14.5(1-33) yr

8-hr TWA
Concentration in:
Factory: 0.26 mg/m3,
range 0.25-0.27
mg/m?®

Lab: 0.34 mg/m?3,
range 0.06-0.63
mg/m?

Ceiling Concentrations
Factory: 0.64 mg/m?3,
range 0.004-1.28
mg/m?

Lab: 3.1 mg/m?3, range
0.03-6.18 mg/m?

MN Frequency by cell type {mean + SD})

Referent Factory Laboratory
Peripheral 1.17 + 1.76 £2.07 3.7 +3.86*
lymphocytes 1.95
Buccal cells 0.13 + 127+ 0.64 +
0.48 1.55* 1.74*

*p <0.01, Spearman’s correlation test

Years of exposure correlated with MN in peripheral
lymphocytes (r = 0.401, p <0.01), and MN in buccal cells (r =
0.209, p = 0.008); Spearman’s test

No correlation between MN frequency and smoking or
gender, small magnitude of correlation with age (r = +0.194;
p <0.05 for blood lymphocytes, r = -0.168; p <0.05 for buccal
cells).

Costa et al. (2008)
Portugal

Air sampling in
breathing zone,

MN frequency in peripheral lymphocytes
Referent Exposed
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Prevalence study derived an 8-hr TWA Lymphocyte 3.27 +0.69 5.47 +0.76*
Population: 30 pathology | for each subject MN

lab workers (4 hospitals),
(70% female, mean age 38
yr, 27% smokers)
compared to 30
administrative employees
matched by age, gender,
lifestyle, smoking habits,
and work area (63.3%
female, mean age 37 yrs,
23% smokers).

Outcome: MN in
peripheral lymphocytes
(Teixeira et al., 2004),
stain 4% Giemsa; scored
1,000 binucleated cells/
subject, scored blind by

one reader, criteria Caria

et al. (1995)

Concentration:
Mean: 0.54 mg/m?3,
range: 0.05-1.94
mg/m?

Duration: 11 yrs
Range: (0.5-27) yrs

P=0.003, Mann-Whitney U-test and Kruskal-Wallis test.
Authors reported positive correlation between formaldehyde
exposure levels and MN frequency {r=0.384, p=0.001)

Pala et al. (2008) ialy
Prevalence study
Population: 36 lab
workers (66.7% female,
mean age 40.1yr, 16.7%
smokers)

Outcome: Peripheral
lymphocytes (blocd
sampled at end of 8-hour
shift), analysis blind to
exposure. MN using
modified cytokinesis-
blocked method, Fenech

and Morley {1986);
stain 3% Giemsa, 2,000
cells/ subject

Personal air
monitoring (8-hr
sample);

Exposure categories:
High: > 0.026 mg/m?,
Low: < 0.026 mg/m?
Mean concentration:
Low {n = 25): 0.015
mg/m? {range
0.005-0.0254)

High (n = 9): 0.056
mg/m? (range
0.026-0.269)
Duration of exposure:
NR

Micronuclei Frequency by Exposure Level {mean +
SD)

<0.026 mg/m®
0.26£0.24

20.026 mg/m°>
0.31£0.17

MN

Means ratio (95% Cl) 1.43 (0.26-7.81), Poisson regression
adjusted for gender, age, smoking and other exposures

Orsiere et al. {2006)
France

Prevalence

Population: 59 hospital
pathology workers from 5
labs (81% female, mean
age 44.7 yr, 20% smokers)
compared to 37
unexposed workers (76%
female, mean age 44 yr,
24% smokers).

Personal sampling;
Short-term: 15 min,
Long-term 8 hrs during
typical work-day.

Concentration®:
Mean 15-min: 2.46
mg/m?3, range
<0.12-25. 1 mg/m?3

Binucleated micronucleated cell rate (BMCR) in
peripheral lymphocytes {mean * SD)
Unexposed (n=37}) Exposed (n=59)

% BMCR 11.1+6.0 16.9 +9.3*

*Number BMCR per 1,000 binucleated cells, p<0.05,

Mann-Whitney U-test.
Linear regression of BMCR, increase of 0.263 per 1,000
binucleated cells in exposed, p =0.003, adjusting for gender,
age, smoking and alcohol.
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Outcome: MN in
peripheral lymphocytes.
Subgroups selected
randomly from initial
groups. Assays conducted
blinded. Cytokinesis-
blocked micronucleus

assay Sari-Minodier et

al. {2002); stain 5%

Giemsa, scoring criteria

Fenech (2000}, 1,000

binucleated cells/ subject;
FISH with a pan-
centromeric DNA probe,
same

operator scored exposed
and referent blinded

Related reference:
larmarcovai et al.

(2006).

Mean 8-hour 0.123
(range <0.123-0.86
mg/m?

Duration exposure
13.2 yrs, range 0.5-34
yrs

FISH Analysis of MN in peripheral lymphocytes by
exposure {mean + SD)

FISH Unexposed  Exposed p-Value
Results? (n=18) (n=18)

% BMCR 11.95.6 19.1+10.1  0.021
% MN 14481 21.0+12.6 0.084
C+ MN (%) 103x7.1 1731115 0.059
C-MN (%) 4127 3742 0.338
CL+MN (%) 31124 11.0+6.2 p<0.001
Cx+MN (%) 7.8x55 63163 0.163

1Results expressed as frequency per 1,000

binucleated cells, mean % SD; analyzed using Mann-

Whitney U-test
Linear regression of C1 + MN, increase of 0.586 MN
containing one centromere per 1,000 binucleated cells in
exposed, <0.001, adjusting for gender, age, smoking and
alcohol

Ye et al. {2005) China
Prevalence study
Population: 18 workers at
a formaldehyde plant at
least 1 yr (38.9% female,
mean age 29 yr, and 16
workers exposed to indoor
air formaldehyde via
building materials (75%
female, mean age 22 yr)
compared to 23 students
with no known source of
formaldehyde exposure
{dormitories) (48% female,
mean age 19 yr); all
nonsmokers

Outcome: MN in nasal
cells, stain Wright's,

scoring criteria Fenech

et al. {2003}, per 3,000

cells, blinding not stated.

Formaldehyde
sampling: TWA
Concentration
Controls

0.011 + 0.0025 mg/m?
Max. 0.015 mg/m?
Wait staff

0.107 £ 0.067 mg/m3
Max. 0.30 mg/m?
Workers

0.985 + 0.286 mg/m3
Max. 1.694 mg/m3
Exposure duration:
Workers 8.5 (1-15) yrs
Waiters 12 wks

MN frequency in nasal celis

Referent Wait Staff  HCHO
Workers
MN 1.25+065 1.75+x1.00 2.70+%
1.50*
P <0.05, one-way ANOVA, values estimated from
figure

Burgaz et al. {2002}
Turkey
Prevalence study

Concentration:
Range:2.46-4.92
mg/m?

MN frequency (%) in buccal mucosal cells (mean £
SD)

Referent
MNF Frequency 0.33 £0.30

Exposed
0.71 £ 0.56*
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Population: 28 pathology
workers (46.4% female,
mean age 29.7 yr, 43%
smokers) and 18
unexposed male
employees {mean age 31.1
yr, 25% smokers), may
overlap with study

population from Burgaz

et al. (2001) Outcome:

MN frequency in buccal
mucosal cells, stain
Feulgen’s reaction plus
Fast Green, MN, 3,000
cells/ subject counted,
coded slides, scoring
criteria Tolbert et al.

{1992}; Sarto et al.
{1987}

Duration: 4.7 £ 3.33
(1-13) yrs

*p <0.05, multifactorial ANOVA adjusting for age,
smoking, and gender

MN frequency was not associated with duration of exposure

Burgaz et al. (2001}
Turkey

Prevalence study
Population: 23 pathology
workers (12 male, 11
female) occupationally
exposed 5 d, 8 hrs/ wk,
mean age 30.6 yr, 39%
smokers compared to 25
male university and
hospital staff, mean age
35.4 yr, 76% smokers
Outcome: MN frequency
in nasal cells. Previously
coded slides, stain
Feulgen’s reaction plus
Fast Green, MN, 3,000
cells/ subject counted,

scoring criteria Tolbert
et al. {1992); Sario et

al. {1987)

Exposure based on
occupation and
duration of
employment and
guantified via
stationary air
monitors
Exposure conc.:
2.46-4.92 mg/m?>
(converted from ppm
by EPA)

Exposure duration:
Mean: 5.06 £ 3.47 Yrs
Range: (1-13) yrs

MN frequency (%) in nasal epithelial cells (mean £
SD)

Referent
MN frequency 0.61+0.27
*p <0.05, nonparametric test

Exposed
1.01+0.62%

MN frequency was not associated with duration of exposure.
MN frequency higher in male exposed, similar between
smokers and nonsmokers in referent.

He et al, {1998) China
Prevalence study
Population: 13 anatomy
students exposed during a
12-wk course (10 hr/ wk)
compared to 10 students

Breathing zone air
samples during
dissection.
Measurements limited
to location of exposed
students.

MN frequency (%) in peripheral blood lymphocytes
{mean  SD)

Referent
3.15+1.46

Exposed
6.38 £ 2.50*

Lymphocyte
MN
*p <0.01, analytic test not described
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from same school. Age
and gender similar
between groups, all non-
smokers.

Outcome: MN assay,

Fenech and Morley
{1985}, scored 1,000 cells
per individual, blinding not
described

Concentration in
breathing zone: Mean
3.17 mg/m?3

Duration:

12 wks {10 hrs/wk)

Kitaeva et al. {1996)
Russia

Prevalence study
Population: anatomy
instructors {8 female, 5
male), mean age 41 yr)
compared to 6 female
unexposed (mean age
28.5 yr); students (6
female, 6 male)
Outcome: MN in buccal
cells, 1994-95. MN in
mucosal cells compared
between exposed and
referent instructors, and
before and after a 40-min
exposure for students at
24 and 48 hrs. Blinding
not described, stain
Feulgen and light green,
analyzed 2,000 cell/

No quantitative
exposure assessment.
Duration of
employment among
instructors, females
23.6 yrs; males 25.6
yrs

17 yrs

40-min exposures

MN frequency (%) in buccal mucosa cells

Referent Exposed
Female 0.64 (N=6) 2.94*
instructors (N=8)

Before 24 Hr Post 48 Hr Post
Female 0.58 2.50%* 2.64%*
students
Male 0.77 2.02% 1.86
students

*p <0.05, **p <0.01, Student’s t-test

subject
Ballarin et al. (1992) Personal sampling; Mean frequency micronuclei per 1000 cells in nasal
Italy 8-hr TWA (NIOSH, mucosal cells by exposure group

Prevalence study
Population: 15 plywood
factory workers (46.7%
female, mean age 31 yrs,)
compared to 15 university
or hospital clerks matched
for age and sex {mean age
31 yr). All nonsmokers.
Outcome: MN in nasal
mucosal cells, stain
feulgen’s plus Fast Green,
analysis blinded by one
reader, 6,000 cells/

1977)

Warehouse (N=3)
0.39+0.20 mg/m3,
range 0.21-0.6 mg/m
Shearing-press (N=8)
0.1 +0.02 mg/m3,
range 0.08-0.14
mg/m?3

Sawmill (N=1), 0.09
mg/m?

Inspirable wood dust:
0.11-0.69 mg/m>,
0.73 in sawmill

3

Referent

Exposed

MN (%) (SD)

0.25 (0.22)

0.9 (0.47)*

*p <0.01, Mann-Whitney U test
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subject, scoring criteria

Sarto et al, {1987).

Employment duration
6.8 yrs

Short-term Studies

Lin et al. {(2013) china
Cross-shift change
Population: 62 plywood
workers (17.7% female,
mean age 34 yr, 17.7%
smokers)

Outcome: Peripheral
lymphocytes, cytokinesis-
block micronucleus assay,
Fenech (1993), analyzed
1,000 binucleated cells/
subject, scoring criteria

Fenech {1993
Fenech et al. (2003);

blinded analysis

Air sampling and job
function.

Mean exposure: 0.27
+0.20 mg/m3, range:
0.012-0.67 mg/m®
Mean exposure
duration 2.53 £ 2 yr

Frequency micronuclei in binucleated cells in
peripheral lymphocytes

Before After exposure
exposure
MN (%) 229+1.21 2.29 £1.65

p =0.754, paired Wilcoxon test

Regression coefficients for formaldehyde level, before shift
0.73 (-0.46, 1.92); after shift -0.01 (-1.38, 1.35)

Poisson regression adjusted for age, gender, smoking, and
alcohol

Ying et al. {1997} China
Panel study

Population: 25 non-
smoking anatomy
students {13 males, 12
females, mean age 18.8
yr, Han nationality)
exposed during 8-wk
course, 3-hr session, 3
times/ wk.

QOutcome: MN Nasal and
Buccal cells, assessed
before the start of the
course and at the end of
8-wk period. Blinded
analysis, one observer;
Wright’s stain, scored
4,000 cells/ subject; MN
blood lymphocytes, stain
4% Giemsa, scored mean
of 2870-3167 cells/
subject; MN scoring

criteria Sarto et al.

{1987)

Air sampling,
estimated TWA and
peak levels during
class and in the
dorms.

Anatomy labs:
Mean TWA: 0.51
0.299 mg/m?, range:
0.07-1.28 mg/m°>
Dormitories:

Mean TWA: 0.012
0.003 mg/m3, range:
0.011-0.016 mg/m3
Duration: 8 eks

Micronucleated Cell Frequency {Mean+SEM]),
Change over 8 weeks

Before After exposure
exposure
Oral Mucosa 0.57£0.32 0.86 £ 0.56*
Nasal Mucosa 1.20+£0.67 3.84 +1.48*
Lymphocytes 0.91£0.39 111154

*p <0.01, paired t-test

Titenko-Holland et al.

See Suruda et al.

(1996} usa

Panel study

(1993}

Micronuclei before and after embalming class
{per 1,000 cells) by cell type
Preexposure

Postexposure
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Population: same subjects | Subjects with Buccal Cells (N =

asin Suruda et al. complete MN data 19)

{1993); 35 mortuary from buccal mucosa MN Total 0.6+05 2.0+2.0*

students intermittently cells (n=19): MN* 04104 11+13

exposed for 90 d (28 Lagged (7-10 d before | MN- 0.1+0.2 0.9 +1.1*

students (with adequate the last sampling): Nasal Cells (N = 13)

samples, 22 males, 6 1.2 2.1 ppm-hrs; MN Total 20+£13 25413

females)), age 20-33 yrs, | 20-d cumulative (90 MN* 1.2+13 1.0+0.8
d): MN- 0.5+05 1.0 £ 0.6*

Outcome: MN analysis on
buccal and nasal cells
using FISH; blinded
analysis

Related study: Suruda et

al. {1993), same subjects

14.8 £ 7.2 ppm-hrs;

Subjects with
complete MN data
from nasal cells
(n=13):

Lagged (7-10d): 1.9 £
2.5 ppm-hrs;

90-day cumulative (90
days): 16.5 + 5.8 ppm-
hrs

*p <0.05, Wilcoxon sign-rank test, two-tailed

Association with 90-d cumulative exposure for change in
total MN frequency in buccal cells, r =0.44, p =0.06; no
association with 7-10 d lagged exposure, Spearman rank

order correlation

Suruda et al. {1993)
USA

Panel study

Population: 29 students
(with adequate samples)
(24.1% female, mean age
23.6 yr, 17.2% smokers)
exposed to formaldehyde
for 9 weeks during
embalming course, with
baseline samples taken.
Mean duration of
embalming 125 min.
Possible exposure prior to
course.

Outcome: MN assay,
nasal, buccal and
micronucleated peripheral
blood lymphocytes.
Analysis blinded to
exposure status; MN assay
buccal and nasal cells,
Stich et al. (1982}, stain
Feulgen/ Fast Green,
1,500 cell/ subject; MN
lymphocytes Fenech

and Morley {1985},

Personal sampling for
121 of 144
embalmings;
cumulative exposure
estimated using
sampling data and
time-activity data;
Continuous area
samples over
embalming tables for
short-term peaks;
Concentration®:
Mean: 1.72 mg/m>3,
range 0.18-5.29
mg/m?3

Duration: 9 weeks
Average cumulative
exposure 18.2
mg/m>-hr, range
5.3-41.3 mg/m3-hr
8-hr TWA Mean 0.41
mg/m?, range 0.123 -
1.2 mg/m?
Measurements of
glutaraldehyde,
phenol, & methanol
all < LOD, isopropyl
alcohol < LOD or very
low.

Micronuclei before and after embalming class {per

1,000 cells)

Cell type Before After 9 weeks
exposure

Buccal 0.046 £0.17 0.60+1.27*

Nasal 0.41+0.52 0.50+0.67

Micronucleated 4.95+1.72 6.36 £ 2.03*

lymphocytes

*p <0.05, Wilcoxon sign-rank test

Buccal MN in males associated with cumulative exposure,
Spearman coefficient, not nasal MN or micronucleated

lymphocytes
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Reference and study

design Exposure Results
stain Feulgen 2,000 cells/
subject
Zeller et al, (2011) 12 groupsof 2to 4 Frequency of micronuclei and NDI in lymphocytes

Germany

Controlled human
exposure study

Subjects: 41 healthy
volunteers exposed 4 hr/
day for 5 days, all male,
nonsmokers

QOutcome: MN in
peripheral blood
lymphocytes and nasal
mucosa cells assessed
before and after exposure.
Lymphocytes: CBMN test,
scored 1,000 binucleated
cells/ subject on coded
slides. Nuclear division
index (ND1) = # cells with 1
- 4 micronuclei/ Total cells
scored. Nasal cells: scored
2,000 cells/ subject on
coded slides. Difference in
means analyzed using
Cochran Mantel Haentzel
test and ANOVA.

persons in a chamber,
exposures randomly
assigned.
Formaldehyde
concentrations: 0 (i.e.,
background level of
0.01 ppm), 0.3 ppm
(0.37 mg/m3)@ with
four peaks of 0.6 ppm
(0.74 mg/m3), 0.4 ppm
(0.49 mg/m?3) with
four peaks of 0.8 ppm
(0.98 mg/m3 and 0.5
ppm (0.67 mg/m3) and
0.7 ppm (0.86 mg/m3),
peaks 15 min each, 4
15-min exercise
sessions during
exposure.

and nasal mucosa before and after 4-hour exposure
over 5d (N = 40)

Cells with Nuclear
micronuclei/ Division Index
1,000

Lymphocytes

Before 6.5+3.226 2.0+0.232

After 5.7 +3.339° 2.0+0.176

Nasal mucosa®

Before 0.21+£0.35

After 0.27 £0.42

1-week after 0.24 +£0.43

2-weeks after  0.24 £ 0.45

3-weeks after  0.17 £0.41

3p=0.11

bSeveral slides could not be analyzed, hence only
1,000 cells scored for several individuals {9-13

subjects per sampling time).

Speit et al. (2007a)
Germany

Controlled human
exposure study

Subjects: 21 healthy
volunteers exposed to
formaldehyde for 4 hrs/d
for 10 d, 11 males,
nonsmokers, aged 19-36
years.

Outcome: MN in buccal
mucosal cells assessed
prior to controlled
exposure and then during
postexposure period.
Blinded analysis at end of
study by one person, stain
DAPI/ propidium iodide,
Analyzed 2,000 cells/
subject

Source: para-
formaldehyde.
Exposure duration:

10 consecutive d, 5
groups of 3-6 persons
in chamber, 4-hour
exposures, some
exposures masked
with ethyl acetate
(EA), 3 15-min
exercise sessions
during exposure.
Cumulative exposure
16.6 mg/m?3 - hrs;
Target concentrations:
0,0.15,0.3,05,0+
EA, 0.3+ EA, 0.5+ EA,
03+4x06,05+4x
1.0,and 04+4x1.0+
EA

MN Frequency {per 1,000 cells) in Buccal Mucosa,

mean + SD
Immediately End of 10-d
before exposure
exposure

Mean MN 0.86 £0.84 1331145

p =0.052, Wilcoxon signed rank test
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DNA Damoge

Exposure

Prevalence Studies

Results

Zendehdel et al.
{2017) Iran

Prevalence study
Population: Workers in 3
melamine dinnerware
manufacturing workshops
(n=49) and referents
matched by age and sex
(n=34) who worked in
food industries, # smokers
higher in referent (26%
versus 16%), >90% male.
Recruitment and
participation were not
described.

Outcome: Peripheral
blood cells, Comet assay,
alkaline conditions,

according to Tice et al.
{2000) blinding not

described; minimum of 50
randomly selected cells
per sample; tail moment
and Olive moment

Personal air sampling,
NIOSH method 3500,
whole shift for each
worker.

Median TWA in 3
workshops,

0.086 mg/m?3; range,
0.02-0.22 mg/m?3;
authors state that 2/3
of sample were
exposed to < 0.1
mg/m?®

Work duration:
Exposed 2.5 (1-22) yrs
Referent 2.0 (1-25)
yrs

Comparison of DNA damage (comet assay) between exposed
and referent

Olive moment Tail moment

Median (min-max}  Median {min-
max)
Exposed 13 (7.4-36.7) 22.2 (12.3-65)
(N =49)
Referent 8.4 (6.4-31.7) 14.8 (6.4-57.7)
(N =34)

p value = 0.001; Mann-Whitney test

Costa et al. (2015)

Portugal

Prevalence study
Population: 83 anatomy
pathology workers from 9
hospital laboratories,
exposed to formaldehyde
for at least 1 yr, compared
to 87 unexposed
employees from
administrative offices in
same geographic area.
Exclusions: cancer history,
radiation therapy or
chemotherapy, surgery
with anesthesia or blood
transfusion in last year.
Exposed and referent
similar for mean age 39
yrs, 77% females, 25%

Exposure assessed via
air sampling and
deriving an 8-hr TWA
for each subject.

Exposure
concentration:

Mean: 0.38 ppm (0.47
mg/m?3)

Range: 0.28-0.85 ppm
(0.34-1.05 mg/m?3)

Exposure duration
12.0x8.2yrs

Comparison of % DNA in tail {comet assay) between
exposed and referent

Mean SD Mean Ratio (95% Cl)
Exposed 11.672  0.72  1.5(1.14-1.96)°
(N =83)
Referent 7.5 0.47 1.0
(N =87)

#Student’s t-test, p<0.001.
®model adjusted for age, gender, smoking habit, and fruit
consumption (# pieces consumed/d).
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Results

smokers. Qutcome:
Peripheral blood samples,
coded, analyses blinded to
exposure status.

Comet assay: alkaline
conditions according to

Singh et al. {1988);
Scored blind 100 cells/
donor from two gels; %
DNA in comet tail.
Exposed compared to
unexposed using Student’s
t-test for In % tDNA; linear
regression of In %tDNA

Peteffi et al. {(2015)
Brazil

Prevalence study
Population: 46 workers in
furniture manaufacturing
facility (mean age 34.5 yr,
56.5% male, 1 smoker)
and unexposed group (n =
45) recruited from
employees and students
of local university with no
history of occupational
exposure to potentially
genotoxic agents or
substances metabolized to
formic acid. {(mean age
35.4 yr, 33.3% male, 0
smokers)

QOutcome: Peripheral
blood processed within 4
hr. Comet assay, alkaline
conditions according to
Tice et al. {2000); silver
hitrate staining according
to Nadin et al. {(2001);
100 cells/ person read by
two independent
observers (50 cells each),
classified by visual scoring

according to Anderson

et al. (1994);5

categories based on tail
migration (0-1V) and
frequency of damaged

Monitoring in 7
sections in facility;
referent monitoring in
5 areas of university;
breathing zone 8 hr
samples collected on
same day as biological
samples. Urine
samples collected at
end of work day on 5"
day of work;
correlation of
formaldehyde
concentration in air
with urinary formic
acid concentration, r =
0.626, p<0.001

UV painting,
lamination/press,
packaging, edge
lamination 0.03-0.04
ppm (0.037-0.05
mg/m?)

Edge painting,
machining and drilling
center, board cutting
0.06-0.09 ppm
(0.07-0.11 mg/m3))

Referent mean (SD)
0.012 (0.008) ppm
(0.015 (0.01) mg/m?)
Formic acid median
Exposed 20.47 mg/L

Comparisons of DNA damage (comet assay) in
peripheral blood cells, median (interquartile range)

Referent Exposed p-
Value
Damage index 2.0 6.5 0.007
(0-4.0) (1.0-12.5)
Damage 2.0 6.0 0.003
frequency (%)  (0-4.0) (1.0-12.5)

No differences between men and women for measures of

DNA damage in either exposed or referent.

No correlation between urinary formic acid and measures of

DNA damage.
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Results

cells (sum of -1V}, damage
index (Pitarque et al,,
1999)

Nonparametric tests used
because data were not
normally distributed.
Exposed and referent
compared using Mann-
Whitney test

Referent 4.57 mg/L
Correlation
formaldehyde
concentration and
formic acid r = -0.626,
p <0.001

Exposure duration
576 yr

(Aydin et al., 2013)
Turkey

24 area samples in
workplaces; personal

Comparison of Comet assay results in peripheral

blood lymphocytes by exposure

Prevalence study samples in breathing Unexposed Exposed
Population: 46 male zone over 8 hrs. Tail intensity 5.28+0.22 4,25 +0.29*
workers from 2 MDF Mean: 0.25 £ 0.07 Tail moment 0.816+0.002  0.624 + 0.003*
plants (mean age 33.4 yr, |mg/m’ Tail migration  2.16 + 0.007 1.68 + 0.005*

39.1% smokers) compared
to 46 non-exposed male
workers in same area
{mean age 38.4 yr, 50%
smokers) (administrative
government offices and
maintenance services).
Half of workers used
personal protective
equipment.

Outcome: DNA damage,
Comet assay, tail intensity,
tail moment, and tail
migration, alkaline
conditions, 100 cells/
subject

Range (0.12-0.41)

Duration:
Mean: 7.3 yrs
Range (0.33-30)

*ANOVA, P <0.05.

Comparisons by smoking strata indicate similar pattern.

Lin et al. (2013} china
Prevalence study
Population: 96 plywood
workers exposed to
formaldehyde (13.5%
female, mean age 33 yr,
30.2% smokers) compared
to referent group (N=82)
(4% female, mean age 31
yr, 40% smokers).
Outcome: Blood
lymphocytes: DNA
damage, Comet assay,
olive tail moment, alkaline
conditions (pH = 13}, 50

Exposure assessed by
air monitoring and job
assighment.

Average
concentration:

High Exposure, N=38
{making glue): 1.48
mg/m?3 (0.914-2.044)
Low exposure, N=58
(sanding boards,
pressing wood scraps
with glue at high
temp): 0.68 mg/m?>
{0.455-0.792)
Referent group, N=82
(providing & grinding

Comparison of Comet assay results in peripheral
blood lymphocytes by exposure and duration of
employment.

By Exposure

Referent Low High
Tail 0.67 0.88£0.55* 101+
moment 0.55 0.56
(tn)

*ANOVA p-value = 0.006; linear regression model,
trend p-value = 0.002, adjusted for age, gender,
smoking status, alcohol consumption, duration of
employment

By Number of Work Years
<1 (N= 1-3(N=64) >3 (N=57)
57)
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Reference and study

design Exposure Results
cells/ sample, blinded wood scraps): 0.13 Tail 0.76 + 0.73 £0.59 0.99 £0.52
analysis. mg/m? (0.019-0.252) moment 0.56
Exposure duration: {Ln)

2.52 yrs

*ANOVA p-value = 0.131; trend p-value = 0.059,
Adjusted for age, gender, smoking status, alcohol
consumption, and formaldehyde levels

Gomaa et al. {2012)
Egypt

Prevalence study
Population: 30 workers in
pathology, histology and
anatomy laboratories at a
university (30% female,
mean age 42.5 yr)
compared to 15 referents
(46.7% female, mean age
39.3 yr). Source of
referent was not
described.

Outcome: Comet assay,
alkaline conditions

according to Singh et al.
{1988); tail length & tail
moment; blinding not
described; analyzed 50
cells per subject

No formaldehyde
measurements;
exposure defined by
job type

Exposure duration:
mean 14.3 yr

Comparisons of Comet assay results by exposure

Unexposed Exposed
Tail length (um) 12515 47.3 £ 8.5*

(7.2-14.7) (16.5-74.2)
Tail moment 108+1.2 56.1+16.5*

(5.8-13.6) (11.4-88.1)

*Student’s t-test, p <0.05; Mean value per 50
comets * SE, distribution in parentheses.

Results comparable between males and females.

Costa et al. (2011)

Portugal

Prevalence study
Population: 48 pathology
workers from 5 hospital
laboratories, exposed for
at least 1 yr (28% female,
mean age 40 yr, 21%
smokers), compared to 50
unexposed employees
matched by age, gender,
lifestyle, smoking habits,
and work area {25%
female, mean age 37 yr,
14% smokers).

Outcome: DNA damage,
comet assay, tail length
and % tail DNA; alkaline
conditions, 100 cells/

Air sampling in
breathing zone;

8-hr TWA derived for
each subject.

Concentration: ppm
converted to mg/m?3
by EPA.

Mean: 0.53 mg/m3
Range: (0.05-1.94)

Duration:
Mean: 13.6 yrs
Range: (1-31)

Comparisons of Comet assay results by

exposure
Unexposed Exposed
Tail length 4200+1.6 54554
2.02*
% DNA Tail 8.01+0.64 11.76 £
0.74*

ANOVA, Student’s t-test, p <0.05, compared to referent
group.

Tail length and % tail DNA did not vary by gender, age, or
smoking. Comet assay parameters were not associated with
exposure duration.
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Results

subject; analysis blind to
exposure

liang et al. (2010)
China

Prevalence study
Population: 151 male
workers from 2 plywood
plants (mean age 27.4 yr,
52.3% smokers) compared
to 112 unexposed workers
at a machine
manufacturer in same
town {mean age 28.7 yr,
42.9% smokers).
QOutcome: Peripheral
blood lymphocytes, Comet
assay, olive tail moment,
alkaline conditions;
blinded analysis, analyzed
> 100 cells/ subject

Related reference: Yu et

al. (2005} in Chinese

Exposure assessed by
job title and personal
air monitoring.

4 exposure groups
based on 8-hr TWA:
0.135, 0.344, 0.479,
3.141 mg/m3.
Concentration: ppm
converted to mg/m?3
by EPA.

Mean: 1.02 mg/m3
Range: (0.1-0.75)

Duration:
Mean: 2.51 yrs
Range: (0.6 ~ 25)

Comparison of Comet assay results in peripheral blood
lymphocytes by exposure and duration of employment
Ln tail moment (TM), geometric mean {95% Cl)
Referent (n=112) 0.93 (95%Cl: 0.78-1.10)
0.135 mg/m3 (n = 60) 2.85 (95%Cl: 2.37-3.43)
3.01 (95%Cl: 2.48-3.64)*
)

*

0.344 mg/m? (n=35)
0.479 mg/m? (n=43) 4.37 (95%Cl: 3.78-5.05)*
3.141 mg/m? (n=13) 8.86 (95%Cl:

6.50-12.07)**
*TM compared to referent group, ANOVA, p<0.05;
**TM compared to referent and other exposure
groups, ANOVA p<0.05
Tail moment by exposure history {yrs}*

0.6-1 (n=33) 2.27 (2.91-3.71)
1-2 (n=68) 2.69 (3.50-4.13)
3-25 (n=50) 3.53 (4.11-4.78)**

*ANOVA, p = 0.03, adjusted for age, formaldehyde
exposure history and concentration, current smoking
status, alcohol consumption

**Dunnett-Hsu test, compared to 0.6-1 yr subgroup,
p=0.01

Costa et al. (2008)

Portugal

Prevalence Study
Population: 30 pathology
lab workers (4 hospitals),
(70% female, mean age 38
yr, 27% smokers)
compared to 30
administrative employees
matched by age, gender,
lifestyle, smoking habits
and work area (63.3%
female, mean age 37 yrs,
23% smokers).

Outcome: Peripheral
lymphocytes; blood
samples collected 10-11
am; Scored blind to
exposure status; Comet
assay, tail length, alkaline
conditions (pH = 13}, 100
cells/ subject

Air sampling in
breathing zone, 8-hr
TWA derived for each
subject

Mean: 0.54 mg/m?>
Range: (0.05-1.94)

Years employed:
Mean £SD: 11 £ 7 yrs
Range: {0.5-27)

Comparisons of Comet assay results in peripheral
blood lymphocytes by exposure

Unexposed
Tail Length 41.85+ 1.97
*p <0.05, Student’s t-test

Exposed
60.00+ 2.31*

Tail length was also significantly longer among exposed
females compared to males. No difference noted by
smoking status.

No difference by duration of exposure (data not provided).

Short-term Exposure
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Lin et al. {2013) china
Cross-shift change
Population: 62 plywood
workers (17.7% female,
mean age 34 yr, 17.7%
smokers) assessed in
2011.

QOutcome: Peripheral
blood lymphocytes,
change over 8-hr shift;
Comet assay, olive tail
moment, alkaline
conditions (pH = 13),
blinded analysis, 50 cells/
subject.

Exposure assessed by
air sampling and job
function.

Mean exposure: 0.27
+0.20 mg/m?

Range: 0.012-0.67
mg/m?

Comet assay results before and after work-shift

Before

After exposure

exposure (n= (n=62)
60)
Ln-transformed 147 £0.72 2.30+1.28*

Tail moment

*p =<0.001, paired t-test

Regression coefficients for formaldehyde level, before shift -
0.69 (-2.11, 0.73); after shift 3.64 (1.36, 5.92)

Zeller et al. (2011)
Germany

Controlled human
exposure study

Subjects: 41 healthy
volunteers exposed 4 hr/d
for 5d, all male,
nonsmokers

QOutcome: peripheral
lymphocytes. Comet
assay: alkaline conditions
(pH 13). Analyzed 100
cells/ subject on coded
slides.

Bono et al. (2010) italy
(Prevalence study)
Population: 20
pathologists from 3
pathology wards who
worked in tissue fixation
rooms (production rooms)
and 20 students and
workers from a
university’s science labs
Outcome: M1dG adducts
in DNA extracted from
whole blood, methods

described in van Helden

et al. {2009); compared

mean log-transformed

12 groupsof 2to 4
persons in a chamber,
exposures randomly
assigned.
Formaldehyde
concentrations: 0,
0.37 mg/m3, with four
peaks of 0.74 mg/m?3,
0.49 mg/m? with four
peaks 0.98 mg/m?3 and
0.67 mg/m3 and 0.86
mg/m>, peaks 15 min,
4 15-min exercise
sessions during
exposure.

Personal sampling
over an 8-hr shift in
each subject; LOD
0.05 ug/m3;
guestionnaire data on
job-specific work
(work in production
room where slides
were fixed or other
areas) & use of
personal protection
Mean formaldehyde
in production room
0.212 + 0.047 mg/m3,
other areas 0.0324 +
0.0061 mg/m?3,

Results of Comet assay in lymphocytes before and

after 4-hr exposure (N = 37)

Before After exposure
exposure
Tail Moment 0.30£0.117 0.331£0.118
Tail Intensity 2.28 £0.492 2.66 + 0.646*

*p = 0.002, Wilcoxon signed rank test, compared to

preexposure level.

exposure group

DNA Adducts

Mean levels M1dG adducts per 10% NNs by

N Mean % p-Value
SE

Referent 20 24+£03
Exposed 200 5713  0.045!
8-hr TWA

<22 pg/m? 13 231044

23-66 ug/m® 13 2.7+055 0775

>66 pg/m’ 13 7.3+1.9 0.018°

! compared to referent.
2 compared to <22 pg/m>.
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M1dG adducts by
exposure tertile or
exposure status, using
ANCOVA adjusting for sex,
age, smoking

referents 0.028 +
0.0025 mg/m?>

DNA Protein Crosslinks

Prevalence Studies

Lin et al. (2013) china
(Prevalence)

Population: 96 plywood
workers exposed to
formaldehyde (13.5%
female, mean age 33 yr,
30.2% smokers) compared
to referent group (N=82)
(4% female, mean age 31
yr, 40% smokers).

Outcome: Peripheral
blood lymphocytes: DNA-
protein cross-links (DPX),
KCI- SDS assay. blinded
analysis

Exposure categories
by air monitoring and
job assignment.
Average
concentration:

High exposure, N=38
{making glue): 1.48
mg/m? {range
0.914-2.044)

Low exposure, N=58
(sanding boards,
pressing wood scraps
with glue at high
temp): 0.68 mg/m?3
(range 0.455-0.792)
Referent group, N=82
(providing & grinding
wood scraps): 0.13
mg/m?3 (range
0.019-0.252)
Exposure duration:
2.52 yrs

DPX levels in peripheral blood lymphocytes by
formaldehyde exposure and years of employment
DPX by Formaldehyde Level

Referent Low High
DPX 2273 + 22.53 % 2037
(%) 21.47 22.26 20.52

*ANOVA p-value = 0.894; trend p-value = 0.682,
adjusted for age, gender, smoking status, alcohol use
and duration of employment

DPX by Number of Work Years

<1(N=57)  1-3(N=64) >3 (N=57)
DPX 19.34 + 22.10 + 25.06 +
(%) 20.77 20.98 20.57

ANOVA, @ p-value = 0.577; * trend p-value = 0.376.
tadjusted for age, gender, smoking status, alcohol use,
formaldehyde exposure levels

b Calculated using linear regression models with
adjustment for age, gender, smoking status, alcohol
use and formaldehyde exposure levels.

Shaham et al. (2003)
Israel
Prevalence study

Population: 186 workers
from 14 hospital
pathology departments
(mean age 45.8 yr, 68.3%
female, 36.6% smokers)
compared to 213
administrative workers
from the same hospitals
(mean age 42.1yr, 40.4%
female, 44.6% smokers).
Age distribution, gender,
origin (ethnicity), and
years of education
differed significantly

Field and personal air
sampling, sample
duration 15 min,
multiple times during
work-day (# not
reported).
Concentration

Low exposure: 0.49
(range 0.049-0.86)
mg/m?

High exposure: 2.8
(range 0.89-6.9)
mg/m?3

Duration:

Mean: 15.9 yrs
Range: 1-51 yrs

Comparison of DNA-protein crosslinks by exposure

Referent
0.14 + 0.006

Exposed
0.21 £ 0.006**

Mean DPX/
total DNA + SE
**p <0.01, adjusted for age, gender, smoking,
education and region of origin.

Mean frequency DNA-protein crosslinks by level of
exposure

Referent Low High
Mean 0.14 0.19 0.20
DPX/ total
DNA?

1SE was not provided. Trend by exposure level was
not statistically significant.
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between the groups but
were adjusted for in the
analysis.

Outcome: peripheral
blood lymphocytes. Mean
percent DPX of total DNA
in quantity white blood
cells, K-SDS method,
double blinded.

Shaham et al, {1997)
Israel

Prevalence study
Population: 12 pathology
workers (mean age 44 yr)
compared o 8 age-
matched controls (mean
age 41 yr).

Outcome: Mean percent
DPX, K-SDS method,
double blinded

Related references:

Shaham et al. {1996)

Field and personal air
sampling, sample
duration 15 min,
multiple times during
work-day (# not
reported).
Concentration:

Mean: NR

Range: 3.4-3.8 mg/m3
Exposure duration
mean 13 yrs (range 2—
31 yrs)

Frequency of DPX by Exposure

Unexposed Exposed
Mean DPX % 23+7 29 £ 6*
*p =0.03, ANOVA adjusting for smoking status.

Years of exposure linearly correlated with DPX levels.

Short-term Studies

Lin et al. {2013} China
Cross-shift change
Population: 62 plywood
workers (17.7% female,
mean age 34 yr, 17.7%
smokers)

assessed in 2011.
Outcome: Blood
lymphocytes: % cross links
measured before and
after 8-hr shift, blinded
analysis.

Schlink et al. (1999}
Germany

Population: Anatomy
students, Group 1, 41
students from one
university course, 3-hr
labs, 2 times per wk
(43.9% female, ages 21-30
yr, 39% smokers); Group

Air sampling and job
function.

Mean exposure: 0.27
+0.20 mg/m?3

Range: 0.012-0.67
mg/m?

DNA Repair

Personal sampling
near breathing zone
once per week,
sampling period not
reported.
formaldehyde
exposed, Mean £ SD,
0.2 £ 0.05 mg/m3,
0.14-0.3 mg/m3

DPX frequency before and after work-shift

Before After exposure
exposure (n= {n=160)
62)

DPX (%) 27.22 +10.07 3168 +14.19*

*p =0.019, paired t-test.

Regression coefficients for formaldehyde level, before shift
1.70 (-17.84, 21.24); after shift -6.04 (-31.23, 19.15).

MGMT activity change compared (U-test, paired data) before
and after exposure; as well as between exposure groups
(Wilcoxon, Mann and Whitney U-test)

Mean MGMT activity by exposure group (fmol
MGMT/ 10° cells)

N Day 0 Day 50 Day > 90
Groupl 41 133.2 131.1% 128.21
Group2 16 146.92
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Reference and study
design

Exposure

Results

2, 16 students from a
different university course
(50% female, ages 21-27
yr, 37.5% smokers), and
Referent, 10 unexposed
students (60% female,
ages 22-44 yr, 30%
smokers); no previous
formaldehyde exposure
Qutcome: O%-alkylguanine
DNA alkyl-transferase
activity in peripheral blood
lymphocytes (modification
of Klein and Oesch

{1990}, expressed as fmol
MGMT/ 108 cells (LOD 1
fmol MGMT/ 108 cells),
blind to period of sample
(before or after); Blocd
samples collected before
1%t class and after days 50
and 111

10 1389
1p >0.05 compared to Day 0.

Referent

2p >0.05 compared to referent.

MGMT activity did not differ by gender, smoking, allergy
status, or alcohol consumption.

Hayes et al. {1997}
USA

Panel study

Population: 29 students
(with adequate samples)
exposed to formaldehyde
for 9 wks during
embalming course 16
male, 7 females, 6
smokers. Mean duration
of embalming 125 min. 15
with previous embalming
exposure within previous
90 da

Outcome: O%-alkylguanine
DNA alkyltransferase
activity in peripheral
lymphocytes, expressed as
pmol AGT/ mg protein
{LOD 0.006 pmol AGT/ mg
protein), blind to period of
sample (before or after);
blood samples collected in
morning before 1%t class
and after 9 wks

Personal sampling for
121 of 144
embalmings; Exposure
concentration: Mean:
1.72 mg/m?

Range: (0.18-5.29)
mg/m>

Duration:

9 wks (0.173 yrs)
Total number of
reported embalmings
correlated with
estimated cumulative
formaldehyde
exposure (r=0.59, p<
0.01).

Individual data pre- and postcourse AGT activity in peripheral
blood lymphocytes depicted in graphs by embalming
experience during previous 90 d (yes/ no), decreased in 17
students, increased in 6 students (ANOVA adjusting for age,
sex and smoking, p < 0.05).
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Reference and study
design

Exposure

Results

Related reference:

Suruda et al, (1993)

Attia et al. {(2014)
Egypt

Prevalence study
Population: 40 employees
at cosmetic manufacturing
company (23% male,
mean age 25.8 yrs, 20%
smokers) randomly
selected, compared to
referent (N=20) selected
from hospital
administrative
department with
comparable SES & no
history of occupational
exposure to formaldehyde
(35% male, mean age 34
yrs, 15% smokers)
Outcome: Peripheral
blood; plasma MDA
(commercial kit), plasma
p53 (p53 enzyme-linked
immunosorbent assay kit).
Blinding not stated.
Statistical analyses of
coded data {blinded
assumed). Exposed
compared to referent,
means (Student’s t-test),
correlation between
urinary formate and MDA
or p53 using linear
regression

Urine formic acid
according to Hopner &
Knappe, 1974; unclear
how to relate urine
formic acid levels to
air concentrations

Urinary formate
Exposed: 53.4 £ 15.01
mg/L

Referent: 12.7 £ 4.57
mg/L

P <0.05

P53 protein levels in blood

Comparison of plasma p53 and plasma MDA
concentrations in exposed and referent groups

Referent Exposed p-Value
Plasma 278 + 13.34 & <0.05
p53 0.48 4.67
(U/mL)
Plasma 359+ 9.73+2.72 <0.05
MDA 0.83
(nmol/ml)

Correlations in exposed group:

Urinary formate & p53, r=0.91 p <0.001
Urinary formate & MDA, r=0.79, p <0.001
Plasma MDA & plasma p53, r =0.81, p <0.001

Age and gender were not associated with plasma p53,
plasma MDA or urinary formate.

Shaham et al, {2003)
Israel
Prevalence study

Population: 186 workers
from 14 hospital
pathology departments
(mean age 42.1 yr, 59.6%
male, 36.6% smokers)
compared to 213
administrative workers

Field and personal air
sampling, sample
duration 15 min,
multiple times during
work-day (# not
reported).
Concentration

Low exposure: 0.49
(range 0.049-0.86)
mg/m?

Comparisons of exposure, serum total p53, serum
mutant p53 and DPXs (OR, 95% Ci)

Total Male Female
Total p53 protein > 150 pg/mL®
Referent 1.0 1.0 1.0
Exposed 1.6 2.0 0.8
(0.8-3.1)  (0.9-4.4) (0.2-2.7)
Total p53 protein > 150 pg/mLP
DPX<0.187 10 1.0 1.0
b
DPX>0.187 25 1.9 2.8
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Reference and study

origin (ethnicity), and
years of education
differed significantly
between the groups but
were adjusted for in the
analysis.

QOutcome: p53 proteins
(wild type and mutant) in
serum, p53 quantitative
ELISA kit immunoassay,
mutant p53 in serum using
guantitative ELISA kit
immunoassay. Categorical
analysis of p53 levels
(>pg/mL), exposure
groups compared using
chi-square test; logistic
regression of p53 >150
pg/mL

Costa et al. (2019);

Costa et al. (2015)
Portugal

Prevalence study
Population: 84 anatomy
pathology workers from 9
hospital laboratories,
exposed to formaldehyde
for at least 1 yr, compared
to 87 non-exposed
employees from
administrative offices in
same geographic area.
Exclusions: cancer history,
radiation therapy or
chemotherapy, surgery
with anesthesia or blood
transfusion in last year.
Exposed and referent
similar for mean age 39
years, 77% females, 25%
smokers. Outcome:
Peripheral blood samples,

Mean: 15.9 yrs
Range: (1-51) yrs

Exposure assessed via
air sampling and
deriving an 8-hr TWA
for each subject.

Exposure
concentration:

Mean: 0.38 ppm (0.47
mg/m?)

Range: 0.28-0.85 ppm
(0.34-1.05 mg/m®)

Exposure duration
12.0+8.2yrs

design Exposure Results
from the same hospitals High exposure: 2.8 (1.2-5.4) (0.5-7.2) (1.1-7.1)
(mean age 45.8 yr, 31.7% | (range 0.89-6.9) alogistic regression models adjusted for sex, age and
male, 44.6% smokers). mg/m? smoking.
Age distribution, gender, | Duration:

®In the exposed group, logistic regression models adjusted
for sex, age and smoking.
®DPX expressed as % of total DNA.

Correlations:
Total p53 protein and mutant p53 protein, r =0.75, p <0.01
Proportion p53 > 150 pg/ml among

exposed
DPX £0.187 33.3%
DPX >0.187 55.7% (p <0.01)

Genetic Susceptibility

Effect modification by genetic polymorphisms on
associations of formaldehyde with markers of
genotoxicity (mean ratio, 95% Cl)
Referent
N MR(95%Cl) N

CYP2E1 rs6413432 (% tDNA)

Exposed
MR (95% Ci)

T/T 53 1.00 51 161
(1.20-2.16)

T/A + 15 0.84 7 0.42

A/A (0.54-1.30) (0.20-0.89)

GSTP1 rs1695 (CSAs)

lie/lle 32 1.00 37 543
(2.04-14.46)

lle/Val+ 55 1.79 47 0.26

Val/Val (1.14-7.94) (0.97-3.27)

XRCC1rs1799782 (% tDNA)

Arg/Arg 67 1.00 53 1.46
(1.10-1.93)

Arg/Trp 2 0.19 6 4,93

(0.06-0.57) (1.33-18.32)

PARP1 rs1136410 (Multiabberrant cells)
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Reference and study

design Exposure Results
coded, analyses blinded to Val/Val 60 1.00 50 5.97
exposure status. (2.34-15.25)
D-lffe.ren(.:es in genotype val/Ala 8 3.00 9 0.09
distribution evaluated (0.55-16.4) (0.01-0.95)

using Pearson’s chi-square
test, effect modification
by genotype in regression
models of exposure on In
% tDNA {comet assay) and
chromosome aberrations,
CYP2E1 rs6413432,
GSTM1 deletion, GSTT1
deletion, GSTP1 rs1695,
XRCC1rs1799782, XRCC1
rs25487, PARP1
rs1136410, MUTYH
rs3219489, XRCC3
rs861539

Regression models adjusted for age, gender, smoking habit,

and fruit consumption.

Micronuclei frequency {%/1,000 cells) by genetic
polymorphisms in formaldehyde exposed and
unexposed workers

Controls Exposed
Genesite N Mean * SE N Mean (SE)
CYP2E1 rs6413432
BNbud
T/T 53 0.36+0.077 51 0.80+0.12
T/A+ 15 0.20+0.11 7 1.57 £0.20
A/A
GSTP1 rs1695
MNB
lle/lle 28 0.14+0.07 29 0.45+0.11
lle/Val+ 41 0.20+0.07 33 0.82+0.15
Val/Val
FANCA rs7190823
MNL
Thr/Thr 9 2.33+0.93 12 2.33 £0.57
Thr/Ala+ 77 2.84+0.32 70 4.74 +0.44"
Ala/Ala
* p-values CYP2E1 rs6413432 A variant, 0.022; GSTP1
rs1695 Val variant 0.05; FANCA rs7190823 Ala variant
0.019

Ladeira et al. {2013}
Portugal

Prevalence study
Population: 54 hospital
workers in histopathology
labs compared to 82
administrative staff.
Outcome: Genotyping
XRCC3 Met241Thr, ADH5
Val309lle, ADH5
Asp353Glu; associations of
polymorphism with mean
micronuclei,
nucleoplasmic bridges and
nuclear buds in
lymphocytes and buccal

Personal air sampling,
6-8 hours, estimated
8-hr TWA

Exposure conc.:

Mean TWA8 hr 0.2 +
0.14 mg/m3

Mean ceiling value:
1.4 +0.91 mg/m3,
range 0.22-3.6 mg/m?>

Exposure duration:
14.5 (1-33) yrs

Frequency of micronuclei and nuclear buds (mean *
SE) in lymphocytes by exposure and genotype
(number in parentheses)
Endpoint Genotypes
MN
XRCC3

Met/Met Thr/Met Thr/Thr
Exposed  2.92+0.93 5.05+098 3.53+0.80
(p=0.372) (13) (22) {(19)
Referent 1.15+0.46 0.7010.30 0.74+0.23
(p=0.621) (20) (27) {35)

ADHS

Val/Val Val/lle
Exposed  2.57+0.65 4.91+0.75
(p=0.024) (21) (33)
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Reference and study

design Exposure Results
cells within exposed and Referent 0.9710.28 0.75£0.23
referent groups, Kruskal- (p=0.176) (29) (53)
Wallis test ADH5
Asp/Asp Asp/Glu
Related references: Exposed 4.08+0.91 3.930.67
Ladeira et al. {2011) (p=0.70  (24) (30)
Referent 0.86+0.23 0.8110.26
(p=0.211) (35) (47)
NBUD
XRCC3
Met/Met Thr/Met Thr/Thr
Exposed 0381018 15+0.33 0.21+0.12
(p=0.002) (13) (22) (19)
Referent 0.2 +0.09 004004 0.030.29
(p=0.045) (20) (27) (35)
ADH5
Val/Val Val/lle
Exposed  0.62+0.28 0.8810.21
(p=0.274) (21) (33)
Referent 0.00:0.0 0.11+0.04
(p=0.061) (29) (53)
ADHS
Asp/Asp Asp/Glu
Exposed 0.71+0.23 0.8310.25
(p=0.74)  (24) (30)
Referent 0.06+0.04 0.09+0.04
(p=0.633) (35) {(47)

No differences noted for nucleoplasmic bridges or
micronuclei in buccal cells (data provided in article)

Santovito et al, (2011}
ltaly

Prevalence study
Population: 20 pathology
workers (mean age 45.7
yr) compared to 16
workers from the same
hospital (mean age 42.1
yr); similar age and gender
distribution. All subjects
were non-smokers and
had not consumed alcohol
in1yr.

Outcome: Genotypes
GSTT, GSTM; associations
of polymorphisms with CA
per cell and % of cells with
aberrations within

Exposure conc:
Personal air sampling,
8-hr duration.
Referent: Mean: 0.036
+0.002 mg/m3
Pathologists: Mean:
0.073 £0.013 mg/m3

Exposure duration:
Mean: 13 yrs
Range: 2-27 yrs

Frequency of chromosomal aberrations per cell

{mean % SE) in lymphocyte

genotype (number in parentheses)

s by exposure and

Referent

Exposed
GSTT-pos  0.028 £ 0.003 (16)
GSTT-null  0.04 £ 0.015 (4)
GSTM-pos  0.031 £ 0.004 (17)
GSTM-null  0.023 £ 0.003 (3)

0.01 +0.004 (12)
0.013 +0.009 (4)
0.01 + 0.004 (10)
0.012 + 0.008 (6)

No differences also were found for the % of cells with
chromosomal aberrations {data provided in article).
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Reference and study
design

Exposure

Results

exposed and referent
groups; generalized linear
models with Poisson
distribution errors
adjusted for gender and
age

Jiang et al. (2010)
China

Prevalence

Population: 151 male
workers from 2 plywood
plants (mean age 27.4 yr,
52.3% smokers) compared
to 112 unexposed workers
at a machine
manufacturer in same
town {mean age 28.7 vr,
42.9% smokers).
Outcome: genotypes
GSTM1, GSTT1, GSTPL;
associations with olive TM
and CBMN frequency
within exposed and
referent; ANCOVA
adjusted for age, smoking
and alcohol

Exposure assessed by
job title and personal
air monitoring.
Exposure
concentration ppm
converted to mg/m?3
by EPA.

1.08 mg/m3, range
0.1-7.75 mg/m?

Duration:
Mean 2.51 yrs
Range: {0.5-25) yrs

Frequency of olive TM {geometric mean (95% Ci) in
lymphocytes by exposure and genotype (number in

parentheses)
Exposed Referent

GSTM1- 3.27 (2.83-3.78) 1.01 (0.77-1.32)
pos 74) (46)
GSTM1- 3.86 (3.31-4.5) 0.87 (0.69-1.1) (66)
null (77}

P =0.07 P =043
GSTT1- 3.72 (3.26-4.25) 1.04 (0.82-1.31)
pos (83) (63)
GSTT1- 3.36 (2.83-3.99) 0.8 (0.61-1.04) 49)
null (68)

P =0.47 P=0.11
GSTP1- 3.64 (3.19-4.16) 0.96 (0.74-1.23)
lle/lle (90) (58)
GSTP1 3.43 (2.87-4.1) 0.89 (0.7-1.14) (54)
Val pos (61)

P=0.49 P=0.83

Frequency of In CBMN (mean + SD) in lymphocytes by
exposure and genotype (number in parentheses)

Exposed

Referent

GSTM1-
pos
GSTM1-
null

GSTT1-
pos
GSTT1-
null

GSTP1-
lle/lle
GSTP1
Val pos

5.57 + 3.45 (74)
5.5 +3.32 (77)

P=0.84
5.59 + 3.51 (83)

5.46 +3.22 (68)

P=0.70
5.01 + 2.98 (90)

6.32 £3.78 (61)

2.91 + 1.5 (46)
2.5+ 1.15 (66)

P=0.18
2.75 + 1.41 (63)

2.57 +1.19 (49)

P=0.47
2.79 + 1.36 (58)

2.54 +1.27 (54)

P=0.05

P=0.26

ADH, alcohol dehydrogenase; AGT, O%-alkylguanine-DNA alkyltransferase; ANOVA, analysis of variance; C—,
centromere negative; C+, centromere positive; CA, chromosomal aberration; CB-MN or CBMN, cytokinesis block-
micronucleus; CFU-GM, colony forming unit-granulocyte/macrophage; Cl, class interval; CSA, chromosome-type
aberration; CSG, centromere separation general; CTA, chromatid-type aberration; DAPI, diamidinophenylindole;
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DPX, DNA-protein crosslink; EA, ethyl acetate; ELISA, enzyme-linked immunosorbent assay; FISH, fluorescence in
situ hybridization; GST, glutathione S-transferase; HCHO, formaldehyde; HF, high frequency; IRR, incidence rate
ratio; K-SDS/KCI-SDS, potassium chloride-sodium dodecyl sulfate; LOD, level of detection; LTR, lymphocyte
transformation rate; M1dG, malondialdehyde-deoxyguanosine; MAK, maximum permissible concentration
(German); MDA, malondialdehyde; MGMT, O%-methylguanine methy! transferase; MN, micronucleus; MR, mean
ratio; NSM, number of scored metaphases; OR, odds ratio; PARP, poly (ADP-ribose) polymerase; PCD, premature
centrosome division; PI, proliferation index; SCE, sister chromatid exchange; SD, standard deviation; SE, standard
error; SEM, standard error of the mean; tDNA, tail DNA; TWA, total weighted average; XRCC, X-ray repair cross
complementing.
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A.4.7. Supporting Material for Genotoxicity

Literature Search Methods for Genotoxic Endpoints

A systematic evaluation of the literature database on studies examining potential genotoxic
endpoints in relation to formaldehyde exposure was not conducted. However, a consistent set of
search terms was used, initially in September 2012, with regular updates as described elsewhere.
These terms were intended to inform the broader topic of mode of action for either respiratory
tract or lymphohematopoietic cancers and the retrieved citations were screened for studies on
genotoxic endpoints. The search strings used in specific databases are shown in Table A-25.

Additional search strategies included:

e Review of reference lists in identified articles, and

e Review of reference lists in the 2010 draft Toxicological Review for Formaldehyde (U.S.
EPA, 2010).

Table A-25. Summary of search terms for cancer mechanisms

(formaldehyde[tiab] OR formaldehyde[mh])

2 AND (nose[tiab] OR nasal[tiab] OR nasopharynx[tiab] OR nasopharyngeal[tiab] OR respiratory[tiab] OR
bronchial{tiab] OR "upper respiratory"[tiab] OR mucociliary[tiab] OR mononuclear[tiab] OR "nasal
mucosa"[tiab] OR "human bronchial"[tiab] OR "nasal cavity"[tiab] OR trachea[tiab] OR "oral mucosa"[tiab] OR
lymphoblasts[tiab] OR "endothelial celis"[tiab] OR "respiratory tract"[tiab] OR olfactory[tiab] OR "nasal
epithelia"[tiab] OR "nasal turbinates"[tiab] OR "nose"[mh] OR "nasopharynx"[mh] OR "trachea"[mh] OR
“smell"[mh])

3 AND (tumor[tiab] OR carcinoma[tiab] OR cancer[tiab] OR neoplastic[tiab] OR cytotoxic[tiab] OR
cytotoxicity[tiab] OR proliferation[tiab] OR "cell proliferation"[tiab] OR immunosuppression[tiab] OR
immune[tiab] OR genotoxicity[tiab] OR genotoxic[tiab] OR mutation[tiab] OR mutagenicftiab] OR
epigenomicftiab] OR epigenetic[tiab] OR microRNA[tiab] OR "micro RNA"[tiab] OR methylation[tiab] OR
"chromosome aberration”[tiab] OR "chromosomal aberration"[tiab] OR micronuclei[tiab] OR MN[tiab] OR
micronucleus[tiab] OR "sister chromatid exchange'"[tiab] OR SCE[tiab] OR "single strand break"[tiab] OR
SSB[tiab] OR glutathione[tiab] OR oxidation[tiab] OR "oxidative damage”[tiab] OR inflammation{tiab] OR
"DNA-protein crosslink"[tiab] OR DPX[tiab] OR "DNA adduct"[tiab] OR clastogen[tiab] OR clastogenicity[tiab]
OR promotion[tiab] OR promoter[tiab] OR "DNA repair'[tiab] OR "immune activation"[tiab] OR
phagocyte[tiab] OR macrophages[tiab] OR cytogenetic[tiab] OR "regenerative cell proliferation"[tiab] OR
mutagenesis[tiab] OR "DNA-protein crosslinks"[tiab] OR "respiratory cancer"[tiab] OR "nasal cancer"[tiab] OR
“immune function"[tiab] OR "immune biomarkers"[tiab] OR "respiratory disease"[tiab] OR DPC[tiab] OR
DPX[tiab] OR "DNA damage"[tiab] OR irritation{tiab] OR bronchitis[tiab] OR "regenerative hyperplasia"[tiab]
OR toxicological[tiab] OR adenomas[tiab] OR rhinitis[tiab] OR dysplasia[tiab] OR metaplasia[tiab] OR
inhalation[tiab] OR carcinogenftiab] OR "chromosomal damages"[tiab] OR "nasal carcinoma"[tiab] OR
toxicology[tiab] OR toxicity[tiab] OR "DNA-DNA cross-link"[tiab] OR "respiratory epithelium"[tiab] OR SCC[tiab]
OR "pathological changes"[tiab] OR "histopathological nasal changes"[tiab] OR cilia[tiab] OR "nasal
lesions"[tiab] OR "protein oxidation"[tiab] OR ‘"cellular immunity"[tiab] OR autoantibodies[tiab] OR
tumour[tiab] OR "cell damage"[tiab] OR "neoplasms"[mh] OR "carcinoma"[mh] OR "immunosuppression"[mh]
OR "immune tolerance"[mh] OR "mutation"[mh] OR "epigenomics"[mh] OR "methylation"[mh] OR
"slutathione"[mh] OR ‘'inflammation"[mh] OR "phagocytes"[mh] OR "macrophages"[mh] OR
"cytogenetics"[mh] OR "mutagenesis"[mh] OR "nose neoplasms"[mh] OR "bronchitis"[mh] OR
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"adenoma"[mh] OR "rhinitis"[mh] OR "metaplasia"[mh] OR "inhalation"[mh] OR "carcinogens"[mh] OR
"toxicology"[mh] OR "toxicity"[Subheading] OR "cilia"[mh] OR "autoantibodies"[mh] OR "immune system
phenomena"[mh] OR "mutagens"[mh] OR "Cytotoxicity, Immunologic"{mh] OR "Cell Proliferation"[mh] OR
"MicroRNAs"[mh] OR "Chromosome Aberrations"[mh] OR "Sister Chromatid Exchange"[mh] OR "DNA Breaks,
Single-Stranded"[mh] OR "DNA Adducts"[mh] OR "Promoter Regions, Genetic"[mh] OR "DNA Repair"[mh] OR
"Respiratory Tract Diseases"[mh] OR "DNA Damage"[mh] OR "Respiratory Mucosa"[mh] OR "Immunity,
Cellular"[mh])

4 NOT ("formalin test"[tiab] OR "formaldehyde fixation"[tiab] OR "formalin fixed"[tiab] OR "formaldehyde
fixed"[tiab] OR f lin-ind i induced[tiab

(formaldehyde[tiab] OR formaldehyde[mh])

2 AND (blood[tiab] OR lymphocytes[tiab] OR "bone marrow"[tiab] OR hematopoietic[tiab] OR "hematopoietic
stem cells"[tiab] OR leukocytes[tiab] OR "white blocd cell"[tiab] OR "NK cell"[tiab] OR "natural killer cell"[tiab]
OR b-lymphocyte[tiab] OR b-cell[tiab] OR t-lymphocyte[tiab] OR t-cell[tiab] OR leukemia[tiab] OR
lymphomaftiab] OR myeloid[tiab] OR serumitiab] OR albumin{tiab] OR adduct[tiab] OR genotoxic[tiab] OR
aneuploidy[tiab] OR pancytopenia[tiab] OR epigenomics[tiab] OR epigenetic[tiab] OR microRNA[tiab] OR
"micro rna"[tiab] OR methylation[tiab] OR “chromosome aberration"[tiab] OR ‘“chromosomal
aberration"ftiab] OR micronucleus[tiab] OR "sister chromatid exchange"[tiab] OR glutathione[tiab] OR
oxidation[tiab] OR "oxidative damage"[tiab] OR inflammation[tiab] OR dna-protein-crosslink{tiab] OR "dna
adduct"[tiab] OR "immune activation"[tiab] OR "blood"[Subheading] OR "blood"[mh] OR "lymphocytes"[mh]
OR "lymphocyte count"[mh] OR "bone marrow"[mh] OR "hematopoietic system"[mh] OR "hematopoietic
stem cells"[mh] OR "leukocytes"[mh] OR "leukocyte count"[mh] OR "leukocytes"[mh] OR "killer cells,
natural"[mh] OR "killer cells, natural"[mh] OR "b-lymphocytes"[mh] OR "b-lymphocytes"[mh] OR "t-
lymphocytes"[mh] OR "t-lymphocytes"[mh] OR "leukemia"[mh] OR "lymphoma"[mh] OR "serum"[mh] OR
"albumins"[mh] OR "aneuploidy"[mh] OR "pancytopenia“[mh] OR "epigenomics"[mh] OR "epigenomics"[mh]
OR "micrornas"[mh] OR "micrornas"[mh] OR "methylation"[mh] OR "chromosome aberrations"[mh] OR
"chromosome aberrations"[mh] OR '"sister chromatid exchange"[mh] OR "glutathione"[mh] OR
"inflammation"[mh] OR "dna adducts"[mh])

3 NOT ("formalin test"[tiab] OR "formaldehyde fixation"[tiab] OR "formalin fixed"[tiab] OR "formaldehyde
fixed"[tiab] OR formalin-induced[tiab] OR formaldehyde-induced[tiab])

Mechanisms of Respiratory Tract Cancers - WoS

1 Formaldehyde (Title only)

2 AND (nose OR nasal OR nasopharynx OR nasopharyngeal OR respiratory OR bronchial OR upper-respiratory
OR mucociliary OR mononuclear OR nasal-mucosa OR human-bronchial OR nasal-cavity OR trachea OR oral-
mucosa OR lymphoblasts OR endothelial-cells OR respiratory-tract OR olfactory OR nasal-epithelia OR nasal-
turbinates)

3 AND (tumor OR carcinoma OR cancer OR neoplastic OR cytotoxic OR cytotoxicity OR proliferation OR
immunosuppression OR immune OR genotoxicity OR genotoxic OR mutation OR mutagenic OR epigenomic OR
epigenetic OR microRNA OR micro-RNA OR methylation OR chromosome-aberration OR chromosomal-
aberration OR micronuclei OR MN OR micronucleus OR sister-chromatid-exchange OR SCE OR single-strand-
break OR SSB OR glutathione OR oxidation OR oxidative-damage OR inflammation OR DNA-protein-crosslink
OR DPX OR DNA-adduct OR clastogen OR clastogenicity OR promotion OR promoter OR DNA-repair OR
immune-activation-phagocyte OR macrophages OR cytogenetic OR regenerative-cell-proliferation OR
mutagenesis OR DNA-protein-crosslinks OR respiratory-cancer OR nasal-cancer OR immune-function OR
immune-biomarkers OR respiratory-disease OR DPC OR DPX OR DNA-damage OR irritation OR bronchitis OR
regenerative-hyperplasia OR toxicological OR adenomas OR rhinitis OR dysplasia OR metaplasia OR inhalation
OR carcinogen OR chromosomal-damages OR bronchitis OR nasal-carcinoma OR toxicology OR toxicity OR
DNA-DNA-cross-link OR respiratory-epithelium OR SCC OR pathological-changes OR histopathological-nasal-
changes OR cilia OR nasal-lesions OR protein-oxidation OR cellular-immunity OR autoantibodies OR tumour
OR cell-damage)
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4 NOT (formalin-test OR formaldehyde-fixation OR formalin-fixed OR formaldehyde-fixed OR formalin-induced
OR formaldehyde-induced)

Mechanisms of LHP Cancers - WoS

1 Formaldehyde (Title only)

2 AND (blood OR lymphocytes OR bone-marrow OR hematopoietic OR hematopoietic-stem-cells OR leukocytes
OR white-blood-cell OR NK-cell OR natural-killer-cell OR b-lymphocyte OR b-cell OR t-lymphocyte OR t-cell OR
leukemia OR lymphoma OR myeloid OR serum OR albumin OR adduct OR genotoxic OR aneuploidy OR
pancytopenia OR epigenomics OR epigenetic OR microRNA OR micro-rna OR methylation OR chromosome-
aberration OR chromosomal-aberration OR micronucleus OR sister-chromatid-exchange OR glutathione OR
oxidation OR oxidative-damage OR inflammation OR dna-protein-crosslink OR dna-adduct OR immune-
activation)

3 NOT (formalin-test OR formaldehyde-fixation OR formalin-fixed OR formaldehyde-fixed OR formalin-induced
OR formaldehyde-induced)

Study Evaluations of Epidemiological Studies of Genotoxic Endpoints

Epidemiological studies examining genotoxic endpoints were evaluated for potential bias and other
issues using the same domains as were assessed for studies in other health effects categories (see
Table A-26). Rather than confidence conclusions of low, medium or high, an overall conclusion of
“no obvious bias” was used if no concerns were identified. For studies with a potential bias
identified, the potential bias or issue was summarized in the comment row. For each assay (e.g.,
chromosomal aberrations, CBMN, Comet assay), factors related to assay methods that could affect
the endpoint values were identified using published reviews from collaborations that compared
assay methods across epidemiological studies (Fenech, 2020; Mgller et al., 2020; Bonassi et al.,
2011; Fenech et al,, 2011; Valverde and Rojas, 2009; Bonassi et al., 2005). Such factors included

sample collection and processing flows, whether sample processing and analysis was blinded to

exposure status, cell culture details, details of scoring (number of scorers, criteria, staining, number
of cells scored). An appropriate citation to a standardized assay protocol was considered
acceptable. These reviews noted that assay results have been found to vary by age, gender and
smoking status; studies that did not report assessing confounding by these factors were identified.
In the study evaluation table for each study, row cells have been given a grey fill for evaluation
domains with identified concerns about methods. Study evaluation concerns are discussed in the

syntheses of genotoxic endpoints if they may explain observed heterogeneity in study results.
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Table A-26. Evaluation of genotoxicity endpoints in epidemiology studies of formaldehyde exposure

Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment

Aglan and Passive air Blood collected at 60 female Exposed Comparisons Unexposed n = |Reporting
Mansour sampling (Umex- |end of 8-hr shifton  |hairstylists participants were |between 60 deficiencies result
W[Z()lS ](Egypt) 100) at fixed day hair straightening |selected between |comparable for unexposed, group 1 [Group 1 in some concern

- A position in occurred, processed |June 2015 and work tasks, number|and group 2 using |n=31 about potential
Hair stylists breathing zone,  |within 6 hrs. September 2016, |of clients and work |Kruskal Wallis test  |Group 2 for selection bias.

15-min samples  |Cytokinesis block aged 20-36 years |duration. Only for nonnormally n=29

during hair
straightening
process;

15-min TWA
Group 1 (work
duration < 5 yrs):
1.68 £0.27 ppm
Group 2 (work
duration > 5 yrs):
1.83 £0.16 ppm

micronucleus test in
lymphocytes Maffei
et al, (2002).
Replicate cultures for
each sample,
incubated 72 hrs,
cytochalasin-B added
for the last 28 hrs.
1,000 binucleated
cells examined per
person. 2,000
binucleated cells from
coded slides (1,000
from each replicate
culture), scored using

criteria by Fenech

et al. (2003}. MN

frequency % altered
cells.

MN in exfoliated
buccal cells. Cheeks
scraped with wooden
spatula, fixed in 3:1

with comparable
work hours,
number of clients,
usual tasks
included hair
straightening and
no gaps in
employment.
Excluded subjects
with chronic
disease and Jor
regular
medications,
family history of
cancer, recurrent
abortions, smoking
or pregnancy.
Comparison group
was 60 healthy
female hair stylists
who did not
straighten hair
“matched age,
residency,

nonsmokers were
included, and all
were female.
Exposed and
unexposed were
“matched” for age,
residency,
nutritional habits
and SES.

distributed variables
(MNL and MNB) and
least significant
difference.
Comparisons were
across duration
(greater or less than
5 yrs) and 15-min
TWA concentrations
were higher in
Group 2 (p=0.03,t
test).

Comparisons
were for duration
of exposure
(greater or less
than 5 yrs) and
15-min TWA
concentrations
also were
statistically
different in these
groups.
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
methanol/acetic acid |nutritional habits,
and dropped onto and socio-
slides. Air dried slides |economic
stained with standard.”
Feulgen/Fast Green, |Participation rates
examined at 400x not reported. No
according to Tolbert |data provided to
et al. (1991). confirm as_s.erted
Analyzed comparability
independently by 2 between exposed
people, 1,500 cells and referents.
scored per person
using criteria by
Sarto et al, (1987)
% altered cells.
Attia et al. Urine formic acid |Peripheral blood; 40 employees at  |Age differed Analyses of coded  |Exposed n =40, |No obvious bias
(2014) (Egypt) according to plasma MDA company between exposed |data (blinded referent n = 20
Cosmetic Hopner and (commercial kit), randomly selected |and referent, but  |assumed)
manufacture Knappe (1974)_ plasma p53 (p53 compared to age and gender Exposed compared

unclear how to
relate urine formic
acid levels to air
concentrations

enzyme-linked
immunosorbent assay
kit.

Blinding not stated,
but likely minimal
bias because
interpretation not
required

referent (N = 20)
selected from
hospital
administrative
department with
comparable
gender and SES &
no history of
occupational
exposure to
formaldehyde

were not
associated with
formate levels,
MDA levels, or p53
levels

to referent, means
(Student’s t-test),
correlation between
urinary formate and
MDA or p53 using
linear regression
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
A}fdm et al. 24 area samples in |Peripheral blood Selection & Exposed and ANOVA or Kruskal- |Exposed N =46 |No obvious bias
workplaces; lymphocytes; samples jrecruitment of referent Wallis H test Referent N = 46

(2013) (Turkey)

Medium density
fiberboard plants
(prevalence

personal samples
in breathing zone
over 8-hr period.

processed within 6 hr,

comet assay, tail
intensity, tail

exposed and
referent not
described.

comparable with
respect to age, sex,
lifestyle, and

depending on test
for normality;
presented mean &

study) 8-hr TWA moment, and tail Participation rates |smoking habit. No [SD by exposure
calculated migration, alkaline not reported. 46  |history of group, stratified by
conditions, Singh et |male workers occupational smoking status
al. (1988), cells compared to 46 |exposure to
lysed >1 hr, nonexposed males |formaldehyde or  |Results of test for
electrophoresis 20 in same area other chemicals normality were not
min, 100 cells/ {administrative reported, comet
subject (2 replicates), goyernment assay endpoints
image analysis offices and were not In-
software. maintenance transformed
Blinding not stated services)
Ballarin et al. |Personal Nasal respiratory Selection & All nonsmokers,  |Differences analyzed|Exposed n = 15; |Small sample
(1992) (italy) samplers, mucosa cells, cell recruitment of matched to using Mann- Referent n =15 numbers; no
Sampling in collection using exposed and referent for age Whitney test obvious bias

Plywood factory

warehouse (N = 3)
shearing-press

(N = 8) & sawmill
(N = 1), sampled
formaldehyde and
wood dust
Calculated 8-hr
TWA, reference
for measurements

(NIOSH, 1977).

endocervical brush,
smeared onto
previously coded

slides, stain Feulgen’s

reaction plus Fast
Green, MN, analysis

blinded by one reader
for cytogenetic, 6,000

cells/subject, scoring
criteria Sarto et al.

{1987)

referent not
described.
Participation rates
not reported.
Referent from
different source
population:
university or
hospital clerks;
excluded heavy
drinkers

and sex

This document is a draft for review purposes only and does not constitute Agency policy.
A-190

DRAFT—-DO NOT CITE OR QUOTE

ED_014350_00011357-00206



Supplemental Information for Formaldehyde—Inhalation

Consideration of

Exposure participant Consideration of | Analysis and

Reference and | measures and Outcome selection and likely completeness of

setting range classification comparability confounding results Study size Comment
Bauchinger Exposure Peripheral Selection & All male, Mann-Whitney rank |Exposed N = 20; |Possible bias
and Schmid assessment based |lymphocytes, CA/ cell |recruitment of Comparable for U test to compare |Referent N = 20 |toward null
PN on air menitoring |(scored 500 exposed and age, more smokers |groups, SCE analysis because no
%) and job-function. |cells/subject), Giemsa [referent not among referent; no |stratified by adjustment for
(Germany). Sampling design  |staining; SCE/cell described. previous radiation |smoking smoking in CA
Papermaking and duration was |{scored 50/subject) |Participation rates |history or exposure analysis

not described.

analyzed using coded

not reported.

to other industrial

Bono et al.

(2010) (italy)

Pathology labs

slides Exposed and chemicals
referent worked at
same factory
Personal sampling |M1dG adducts in DNA |Selection & Mean Formaldehyde Exposed N =20 |No obvious bias;

over an 8-hour
shift in each
subject; LOD 0.05
ug/m?;
questionnaire
data on job-
specific work
(work in
production room
where slides were
fixed or other
areas) & use of
personal
protection

extracted from whole

blood, methods
described in van
Helden et al.

{2009); evaluated in
20 out of 40 exposed
and 20 out of 32
referent workers
(selection criteria
were nhot described}

recruitment of
exposed and
referent not
described.
Participation rates
not reported.
Recruited workers
from 3 pathology
labs and workers &
students from a
university lab with
no exposure to
formaldehyde

formaldehyde
levels varied by
age, smoking, and
exposure status
(referent, work in
production room,
work in other
areas);
confounding
assessed in analysis

exposure tertiles
based on 8-hr
average
formaldehyde
concentration,
compared mean log-
transformed M1dG
adducts by exposure
tertile or exposure
status, using
ANCOVA adjusting
for sex, age,
smoking; evaluated
multiple
comparisons using
Dunnett tests

Referent N = 20

small sample size
especially for
analysis of effect
modification by
smoking

Bouraoui et

al. {2013)

(Tunisia)

Area sample in
macroscopic
room, diffuse
radical samplers
containing 2,4~
dinitrophenyl-

Cytokinesis-blocked
MN assay in
peripheral
lymphocytes in
combination with
FISH using all-

Recruitment and
selection not
described.
Participation rates
not reported.
Excluded x-ray

Comparison groups
were similar for
potential
confounders

Multivariate
regression of
genotoxic markers
with possible
confounders
excluding smokers;

Exposed n =31
Referentn =31

No obvious bias
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
Anatomy/ hydrazine, 24-hr  |chromosome history during age and gender
pathology lab in |duration, 3 centromeric probe previous 6 mos, were associated but
hospital samplings. Sari-Minodier et |use of drugs exposure groups

al. {2002); cultured

72 hr, smeared onto
slides, stain 5%
Giemsa, 2,000
binucleated cells
scored/subject,

criteria Fenech
{2000) blinding not

were comparable

described.
Burgaz et al.  |Stationary area Nasal respiratory Recruitment and  |Higher proportion [Comparison of Exposed n =23, |Possible bias to
(2001) (Turkey) measurements; mucosal cells; selection not of females in means using Referent n =25 [null because of
Anatomy/ number of collected .using described. exposed (referent |nonparametric . age in referent
pathology samp!es and endocervical brush, |Referents worked w.as only male), methods, two-tailed
departments in duration not cells smeared onto in same hospital & |slightly older tests, stratified by
hospital & reported previously coded university individuals, and smoking; correlation
university slides, stain Feulgen’s smokers (and using Spearman’s

reaction plus Fast heavy smokers) in  [test

Green, MN, 3,000 referent. Analyses

cells/ subject stratified by

counted, scoring smoking. Stated

criteria Sarto et al. that referents had

(1987) and Tolbert no occupational

et al. (1992) exposure to

genotoxic agents.

Burgaz et al. |Stationary area Buccal mucosal cells; |Recruitment and |Higher proportion |[Comparison of Exposed n =28, |No obvious bias
(2002) (Turkey) measurements; cells collected with select.ion not of females means using Referentn =18
Anatomy/ number of wooden spatula, described. (referent was only |nonparametric
pathology samples and smeared onto slides, [Referents worked [male), and smokers |methods (Mann-

departments in

stain Feulgen’s

in referent. Age

Whitney test), two-
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
hospital & duration not reaction plus Fast in same hospital & |comparable. tailed tests,
university reported Green, MN, 3,000 university Stated that correlation using
cells/ subject referents had no  [Spearman’s test
Possible overlap counted, coded occupational Multifactorial
with Burgaz et slides, scoring criteria exposure to ANOVA adjusting for
al. (2001) Sarto et al, (1987) genotoxic agents; |smoking, exposure
and Tolbert et al, and gender and age
(1992)
Costa et al. Samples in Peripheral Selection & Exposed matched |Analyses by one- Exposed n = 30; |No obvious bias
(2008) breathing zone, lymphocytes; blood |recruitment of to unexposed by  |{way ANOVA and Referent n = 30
(Portugal) NIOSH method samples collected exposed and age, gender, Student’s t-test
Hospital #3500. Sampling |10-11 am; processed |referent not lifestyle and
pathology duration, sample |immediately; Scored |described. smoking habits;
laboratories number were not |blind to exposure Participation rates |unexposed worked
(n=4) given, status; Comet assay, |not reported. in same area in
(prevalence) 8-hr TWA parameter: tail Unexposed administrative
calculated for length, alkaline worked in offices
each worker conditions {(pH = 13), |administrative Demographic
Singh et al. (1988) |offices in hospitals |information
lysis 1 hr, 20 min in proximity to provided

electrophoresis, 100
cells/ subject, image
analysis software;

Cytokinesis-blocked

MN test, Teixeira et

al. {2004); culture

incubation 72 hr;
samples applied by
smears to slides, stain
4% Giemsa; scored
1,000 binucleated
cells/subject, scored

pathology labs
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
blind by one reader,
criteria Caria et al.
(1995); SCE/ cell, 50
2nd division
metaphases scored
by one observer,
Scored blind to
exposure status
Costa et al, Samples in Peripheral Selection & Exposed matched |Comet assay: Exposed n = 48; |No obvious bias.
(2011) breathing zone, lymphocytes; blood  |recruitment of to unexposed by normal distribution, [Referent n =50
(Portugal) NIOSH method samples collected exposed and age, gender, and analyses by one-way
Hospital #3500. Sampling |10-11 am; processed |referent not smoking habits. ANOVA and
pathology duration, sample |immediately; scored |described. Demographic Student’s t-test
laboratories number was not  |blind to exposure Participation rates |information MN: not normal
(n=5) given. status; not reported. provided distribution, used
8-hr TWA comet assay, Excluded exposed nonparametric

(prevalence)

calculated for
each worker

parameter: tail length
and % tail DNA;
alkaline conditions,

Singh et al. (1988}
100 cells/subject,
image analysis
software;
Cytokinesis-blocked
MN test Teixeira et

al. (2004); culture

incubation 72 hr;
samples applied by
smears to slides, stain
4% Giemsa; scored
1,000 binucleated
cells/subject, scored

with <1 yr
employment.
Unexposed
worked in
administrative
offices in hospitals
in proximity to
pathology labs.

tests, Mann-
Whitney U test and
Kruskal-Wallis test
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
blind by one reader,
criteria Fenech
(2007)
Costa et al. # samples and Peripheral blood Included workers |Similar in gender  |Difference in means, |Exposed n = 35; |No ohvious bias
(2013) duration not samples collected with at least distribution, age, |Student’s t-test; referent n = 35
(Portugal) reported. Air between 10-11am. |l-year BMI, and smoking |tested for normal
Anatomy/ sampling in Samples processed employmentin habit distribution
pathology lab breathing zone. and 4 hospital Demographic multivariate analysis
workers Calculated 8-hr assays conducted pathology informaticn adjusted for age,
TWA for each blinded. Cytokinesis- lanatomy labs; provided gender, and

subject; NIOSH
method # 3500

blocked MN test
Teixeira et al,

{2004). 1,000 cells
analyzed/subject,
MN per 1,000
binucleated cells,
scored blindly by one
reader, criteria

Fenech {2007).

SCE, scored 50 M2
metaphases/ subject
by one reader

T-Cell Receptor
mutation assay in
mononuclear
leukocytes, # events
in mutation cell
window (CD3-CD4+
cells) divided by total

referent worked in
administrative
offices in same
area & no
occupational
exposure history
to formaldehyde

smoking
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
number of events for
CD4+ cells
Costa et al. Samples in Peripheral blood Included workers |Similar Exposed compared |Exposed =84; |No obvious bias
{2015} (Portugal) |breathing zone for |samples collected with at least 1-yr  |distributions by to unexposed using |Unexposed = 87
Anatomy/ periods during between 10-11am. |employmentin exposure group for |Student’s t test for
pathology formaldehyde- Samples processed 4 hospital age, gender, and In % tDNA or Mann-
laboratories related tasks, and pathology smoking. Whitney U-test for

NIOSH method
#3500. Sampling
duration, sample
number was not
given.

8-hr TWA
calculated for
each worker

analyzed blinded.
Chromosome
aberrations
(structural and
numerical), duplicates
cultured 51 hrs cited
(Roma-Torres et

al., 2006), 4%
Giemsa stain; coded
slides; scored 100
metaphases per
person, 1,250x
magnification; CTAs &
CSAs according to
Savage et al. (1976);
gaps not included.
Comet assay: alkaline
conditions according

to Singh et al.
{1988); scored blind

100 cells/donor from

anatomy labs;
referent worked in
administrative
offices in same
area & no
occupational
exposure history
to formaldehyde;
exclusions
cancer/tumor
history, radiation
therapy or
chemotherapy
treatments, last
year surgery with
anesthesia and
blood transfusions.

Evaluated possible
confounding by
other measures
(diet) and found
confounding by
fruit consumption
for frequency of
multiaberrant cells
and %tDNA.

CA measures; linear
regression of In
%tDNA; negative
binomial regression
for untransformed
total-CAs, CSAs,
CTAs, gaps,
aneuploidies, &
aberrant cells;
Poisson regression
for untransformed
multiaberrant cells.
Models adjusted for
age, gender and
smoking plus actual
confounders for
specific parameters.
Analyzed effect
modification by
genotype
(homozygous
variant plus
heterozygous)

This document is a draft for review purposes only and does not constitute Agency policy.
A-196

DRAFT—-DO NOT CITE OR QUOTE

ED_014350_00011357-00212



Supplemental Information for Formaldehyde—Inhalation

Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
two gels; % DNA in compared to
comet tail. homozygous
wildtype, genotype
frequency
compared by
Pearson’s chi-square
test
Costa et al. Samples in Peripheral blood This study Similar Sample size varied |MNL No obvious bias
{2019} (Portugal) |breathing zone for |samples collected and |analyzed distributions by by endpoint Exposed = 84;
Anatomy/ periods during processed and assays |additional exposure group for |because of “sample |Unexposed = 87
pathology formaldehyde- conducted blinded.  |endpoints using age, gender, and limitation and/or

laboratories

related tasks and
at other sites
“considered
relevant”, NIOSH
method #3500.
Sampling duration
and number were
not given.

8-hr TWA
calculated for
each worker

Exfoliated cells were
collected for each
cheek separately.
Cytokinesis-blocked

MN test, Costa et

al. {2008); culture

incubation 72 hr;
samples applied by

smears to slides, stain

4% Giemsa; scored
1,000 binucleated
cells/subject, scored
blind by one reader,
criteria defined by

Fenech (2007}

Buccal MN cytome

assay. Scored blind by

same reader, 2,000
differentiated cells
scored for frequency
of MN, nuclear buds

blood and buccal
cell samples

collected in Costa

et al. {2015).

Selection &
recruitment of
exposed and
referent not
described.
Participation rates
not reported.
Included workers
with at least
l-year
employment in

9 hospital
pathology
anatomy labs;
referent worked in
administrative
offices in same
area & no

smoking. Exposed
smokers smoked
less than
unexposed smokers
(11 versus 15 pack-
yrs). Evaluated
possible
confounding by
other measures
{diet) and found
confounding by
fruit consumption
for frequency of
multiaberrant cells
and %tDNA. The
association of
exposure with
possible
confounders was
examined using
linear regression.
Dietary habits were

technical losses,”
although
missingness likely
not associated with
exposure. Data were
log transformed to
approximate normal
distribuion for TCR-
Mf and Mann-
Whitney U test
applied to MN in
lymphocytes and
buccal cells and
nuclear buds in
buccal cells.
Associations (mean
ratio (MR}, 95% Cli)
with SCE, MNB,
BNbud and log TCR-
Mf were assessed
using Poison
regression.

SCE/cell
Exposed = 84;
Unexposed = 87

MNB
Exposed = 63;
Unexposed = 69

BNbud
Exposed = 63;
Unexposed =69

TCR-Mf
Exposed = 61;
Unexposed = 64
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Consideration of

Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
and nucleoplasmic occupational reported to be Untransformed MNL
bridges according to |exposure history |parameter-specific |also were modeled
Thomas et al. to formaldehyde. |actual confounders |using negative
{2009); Tolbert et for wthite blood cell Kliinzmlial ;ggr:s;i?n.
counts. odels adjusted for
al. (1992). )
SCE/ cell, 50 2"¢ age, gender,
R smoking habits and
division metaphases dietary habits
scored by one Effect modification
observer, by genotype
Scored blind to analyzed using
exposure status. Mann-Whitney U
T-Cell Receptor .
. . test for specific
mutation assay in . .
polymorphisms in
mononuclear CYP2E1, GSTM1
leukocytes, ﬂc.)vs./ GSTT1, GSTP1,
cytometry, minimum SRCC1. PARP1
5 7 7’
of 2.5x 10 MUTYH, RAD51
lymphocyte-gated BRIP1 and FANCA.
events were acquired,
# events in mutation
cell window (CD3-
CD4+ cells) divided by
total number of
events for CD4+ cells
Fleig et al. Personal sampling, [Chromosome Recruitment and |Referent matched |Fisher-Yates exact |[Exposed n =15, |Cell incubation
(1982) 8-hr shift, number |aberrations, selection of to exposed by age |test referent n=15 |period 72 hrs
(Germany) of measurements |peripheral blood participants not and gender; stated
or people with lymphocytes cultured |described. smoking not

Formaldehyde
manufacturing

monitors not
reported.
Measurements
were not

70-72 hrs, 10%
Giemsa stain; coded
slides.

Referent group
from
administrative or
office staff at same

associated with CA
(data not reported)

This document is a draft for review purposes only and does not constitute Agency policy.
A-198

DRAFT—-DO NOT CITE OR QUOTE

ED_014350_00011357-00214



Supplemental Information for Formaldehyde—Inhalation

Consideration of

Exposure participant Consideration of | Analysis and
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setting range classification comparability confounding results Study size Comment

reported. Presented aberrant  |site with no

Provided cells/ individual both |formaldehyde

categories of including gaps and exposure

maximum excluding gaps

exposure as % of

MAK value for

25%, 60%, and

100% of MAK for

two periods

(before and after

1971)
Gomaa et al. [No formaldehyde |Chromosome Recruitment and |Age comparable Difference in mean |Exposed n =30, |Cell incubation
(2012) (Egypt) measurements aberrations selection of between exposed |values between referent n =15 |period 72 hours;
Pathology, (structural and participants not  |and referent; data |exposed and blinding not
histology and numerical), cited described. analysis by gender; |referent, Student’s described; no
anatomy Verma (1998), Referent group no evaluation of t-test evaluation of
laboratories at a peripheral blood described to be smoking smoking
university lymphocytes cultured |unexposed

72 hrs, 5% Giemsa
stain; blinding not
described; scored
total CA and types,
analyzed 50-100
metaphases per
subject.

Comet assay, alkaline
conditions according

to Singh et al.
{1988); tail length &

tail moment; blinding
not described;
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setting range classification comparability confounding results Study size Comment
analyzed 50 cells per
subject.
Hayes et al. Personal Blood samples Recruited 15 students had Change in N=29 No obvious bias,
(1997) (USA) sampling; collected in morning |volunteers prior to |some prior individual; Individual
Panel study, 9 cumulative before 1%t class and  |beginning of emba!ming _ data pre- and small sample size
exposure after 9 weeks; course; reported |experience during |postcourse AGT

weeks
embalming
course

Related to
Suruda et al.

(1993)

estimated using
sampling data and
time-activity data;
continuous area
samples at head
height over
embalming tables
for short-term
peak
concentrations;
monitored for

other compounds:

glutaraldehyde,
methanol,
isopropyl alcohol,
and phenol

analysis blinded to
exposure status; O°-
alkylguanine DNA
alkyl-transferase
activity in peripheral
blood lymphocytes
(according to Klein
and Oesch, 1990),
expressed as pmol
AGT/mg protein (LOD
0.006 pmol AGT/ mg
protein), blind to
period of sample
{before or after)

loss to follow-up.

lifetime; exposure
to other chemicals
below LOD or very
low; confounding

not likely

activity in peripheral
blood lymphocytes
depicted in graphs
by embalming
experience during
previous 90 days
{(yes/ no), ANOVA
adjusting for age,
sex, and smoking.

He et al.

(1998) (China)
Prevalence
Anatomy
students

Breathing-zone
samples during
dissection;
number, duration
of sampling not
described

Blood collection not
described. Assays
used whole blood.
Cytokinesis-blocked
MN assay, cultured 72
hr, cells processing

(Fenech and
Morley, 1985),

Recruitment and
selection details
not described.
Demographic data
comparing
exposed and
referent groups
were not provided.

All nonsmokers,
age and sex similar
(data not reported)

Analytic method not
described

Exposed n=13
Referentn =10
(#in table

reported as 13)

Deficiencies and
inconsistency in
reporting, small
sample numbers.
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blinding not

described {scored

1,000 cells per

individual), CA

analyzed 100

metaphases, modified

fluorescence-plus-

Giemsa stain; SCE

analyzed 50

metaphases, Giemsa

stain,

Blinding not

described
Jakab et al. Area samples, Venous blood Recruitment and |Provided data on  |Exposure groups HCHO alone Possible
(20101 records of collection, timing not |selection of demographic compared, student’s|N = 21; HCHO  |confounding by
(Hungary) measurements stated, peripheral participants not characteristics; Age |t-test SCE stratified |and solvents smoking on CA
Hospital and within 1-3 yrs of |blood lymphocytes described. comparable, by smoking, CA N = 16; Referent |association not
university study HPRT gene mutations, |Participation rates |Formaldehyde only (frequency analyses |N =37 assessed.
pathology 8-hr TWA unscheduled DNA not reported. group had higher |not stratified
department determined synthesis, Referent group proportion of Direction:

CA and SCE whole from health- smokers, more potential over-

blood samples, service staff in cigarettes/day and estimation

cultures incubated 50
(CA) and 72 (SCE)
hours; CA stain 5%
Giemsa, SCE
fluorescence plus
Giemsa; analyses
blinded, for CA scored
100 metaphases/
subject.

Scored total CA and
types, SCE and high

same hospitals

higher proportion
drinkers. Solvents
were ethyl alcohol,
acetone, and
xylene
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frequency SCE, total
premature
centromere division
(PCD) and mitoses
with >3 chromosomes
with PCD
Jiang et al. Personal samples |Blood lymphocytes; |Selection & Excluded subjects |Ln-transformed Referent No obvious bias
(2010) (China) in breathing zone; |blinded analysis; recruitment of with recent Olive TM and CBMN |N =112
Woodworkers 3-5 workers from |comet assay (DNA exposed and exposure to known |frequency Exposed N = 151
(prevalence each job title, 5 strand breaks), referent not mutagenic agents |[ANOVA differences
study) referent workers; |lymphocytes isolated |described. {x-ray) chronic by exposure group;

8 hr samples;
calculated 8-hr
TWA

within 2 hr after
blood draw, alkaline

conditions, (Singh et
al., 1988); slides
dessicated, shipped
to Beijing, >100 cells/
subject, image
analysis software.
MN: cytokinesis-block
micronucleus assay
{chromosome
damage), scoring
criteria (Fenech et

al., 2003) 1,000
binucleated
lymphocytes/ subject

Participation rates
not reported. 263
male workers all
Han Chinese; 151
exposed from two
plywood
industries; 112
referents from a
machine
manufacturing
plant in same town

conditions
{autoimmune
disease), recent
antibiotic use.
Structured
guestionnaire
collected info on
smoking, alcohol,
medical conditions,
occupational
history & house
redecoration in last
year. Evaluated
mean age and
frequency of
smoking and
alcohol by
exposure level.

t-test for differences
in means. ANCOVA
differences by years
of exposure among
exposed adjusted
for age,
formaldehyde
concentration,
smoking and
alcohol.
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setting range classification comparability confounding results Study size Comment
Kitaeva et al. |Exposure MN assay in buccal Recruitment and |Referents 10 years |Analysis using Female Exposed |Small numbers,
(1996) (Russia) definition by job  |mucosal cells, selection not younger than Student method n=8 reporting
Translation task, no blinding not described. exposed; Stated with Freeman-Tukey |Female Referent |deficiencies for
Formaldehyde formaldehyde described, cell Referent group not|that age and transformation and |n =7; Students |details of study
production and measurements collection using swab, (defined clearly. smoking were not  |results were not n=12 design and
anatomy lab smeared onto slides, related to MN or  |clearly presented results, difficult to
workers stain Feulgen and CA frequency, evaluate

Kurttio et al

{1993} (Finland)

manufacture

No formaldehyde
measurements;
exposure defined
by task: 5 Ut of

referent selected
from same town
emploved at
minicipal energy
plant, a loading

light green, analyzed

2,000 cell/ subject. CA

in peripheral blood
{blood from finger),
reported %
metaphases with
aberrations after 72-
hrs culture; #

metaphases at 72 hrs

cultivation was low
(148), observed in
only 8 exposed
workers

Venous blood
samples cultured all

Selection of
exposed and

oh same day: cultured ireférents not
for 48 he according to described:

(Jlantunen et al,,
1986): slides coded:
analyzed 100
metaphases per
subject

feferents were
eniployed in other
industries
{potential for dis:
similarities)

gender not related
among unexposed,
Data not shown.

All male, matched
on age data
analysis excluded
one smioker

Structural
aberrations, mean 8
per cell by exposiire,
Manh-Whitney L
test {2 tailed)

Exposed n=15;
Referentn =15
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company, or a
health care center

Outcome
classification

Consideration of
participant
selection and
comparability

Consideration of
likely
confounding

Analysis and
completeness of
results

Study size

Comment

Ladeira et gl. |Personal air Cell collection Recruitment and |Exposed were Comparisons by Exposed n =56, |No obvious bias
(2011) sampling, 6-8 between 10 am and |selection not older, with lower |exposure group; referent n = 85
(Portugal) hours, estimated [noon. Samples Foded described. proportion of binary logistic
Histopathology 8-hr TWA (NIOSH |and analyzed blinded. |Participation rates |drinkers and regression and
labs in 6 method 2541) Peripheral blood not reported. smokers Mann-Whitney test
hospitals Ceiling values for [lymphocytes, Excluded history of Stratified by
each task cytokinesis-block cancer, radio or categories of age,
micronucleus cytome |chemotherapy, gender and smoking
assay, fresh samples, |use of therapeutic
cultured for 72 hr, drugs, exposure to
applied to slides with |diagnostic x-rays in
cytocentrifuge, May- (the past 6 mos,
Grunwald-Giemsa, intake of vitamins
1,000 binucleated or other
cells scored/ subject |supplements like
by 2 readers; buccal |[folic acid (no one
mucosa cells, was excluded)
collection using
endobrush, smeared
onto slides, stain
Feulgen, 2,000 cells
scored/ subject, 2
readers
Lan et al. Personal monitors [Postshift and Analyzed Referents Analyzed using Exposed n =29; |No obvious bias
(2015) (China) for 3 d over entire |overnight peripheral |aneuploidy among |frequency-matched |negative binomial  |Referentn =23
Formaldehyde- shift within a 3-wk |blood samples. subset with by age (5 yr) and regression
melamine resin period. Metaphase spreads |scorable gender controlling for age
from colony forming |metaphases, high and gender. Also
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likely
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Analysis and
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results

Study size

Comment

production or
use

Bassig et al.
(2016);
related study
related study
Zhang et al.
(2010)

Formaldehyde
concentration: 8-
hr TWA

Exposed

Median: 1.38 ppm
(1.7 mg/m?3)

10t & 90t
percentile: 0.78,
2.61ppm 0.96,
3.2 mg/m?)

Referent

0.026 ppm {0.032
mg/m?)

10 & 90t
percentile:
0.015, 0.026 ppm
(0.019, 0.032
mg/m?)

LOD: 0.012 ppm

unit granulocyte
macrophage (CFU-
GM) cultured for 14
d; chromosome-wide
aneuploidy analysis
using OctoChrome
FISH; scored
minimum 150

cells/subject; analysis

blinded to exposure.

formaldehyde
among exposed
and existence of
comparable
referents.
Participation rates
exposed 92%,
referent 95%.
Referent from 3
workplaces in
same geographic
region as exposed,
engaged in
manufacturing
with similar
demographic and
SES; excluded
history of cancer,
chemotherapy,
and radiotherapy,
previous
occupations with
exposure to
benzene,
butadiene,
styrene, and/or
ionizing radiation.

Personal sampling
of volatile organic
compounds;
concentrations at
background,
urinary benzene at
background and
comparable
between groups

evaluated potential
confounding from
current smoking and
alcohol use, recent
infections, current
medication use, and
body mass index

(Supplemental
tables in
Supplemental
tables in Lan et
al.,, 2015

al, 201o)

Lazutka et al.

(1999)
{Lithuania)
Carpet and
plastic
manufacturing

Industrial hygiene
area
measurements
reported by plant;
carpet plant,
formaldehyde

Peripheral blood
samples;
chromosome
aberrations, cells
cultured 72 hr,
differential staining

Recruitment and
selection not
described.
Participation rates
hot reported.;
Source population

Nonexposed were
“approximately”
matched to
exposed by age;
males and females,
smokers and

ANOVA including
variable for
exposure and age,
ho adjustment for
smoking or gender;
CA data

Carpet plant,
exposed 38
male, 41 female;
unexposed 64
male, 26 female

Cell incubation
period 72 hours;
unable to
distinguish
between
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Exposure participant Consideration of | Analysis and
Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
Prevalence study |0.3-1.2 mg/m?3, fluorescence-plus- for nonexposed nonsmokers transformed using  |Plastic plant, formaldehyde and
styrene 0.13-1.4 |Giemsa, CA scored on [referents not included; average square root |exposed 34 styrene effects
mg/m?3, phenol 0.3 |coded slides, >100 described demographic transformation male, 63 female;
mg/m?3; first mitotic division information unexposed 64  |Direction:
plasticware plant, |cells per subject. provided; unable to males, 26 potentially
formaldehyde distinguish females overestimated
0.5-0.9 mg/m?>, between
styrene 4.4-6.2 formaldehyde and
mg/m3, phenol styrene
0.5-0.75 mg/m?>
Lin et al. Prevalence: Area [Blood lymphocytes; |Selection & Excluded subjects |Natural log- Referent N = 82 |Referent group
(2013) (China) samples (2 badges |blinded analysis; recruitment of with exposure to  |transformed olive |[Low N =58 with significant
Woodworkers in each of 5 comet assay (DNA exposed and known mutagenic [TM. Prevalence: High N =38 formaldehyde

(prevalence
study) 2009
(cross-shift) 2011

workplaces with
differing tasks), 8-
hour samples on
two days.

Change over
work-shift: badges
in breathing zone
of 2-4
representative
workers
conducting
different job types
(8-hour samples).
Referent group
exposed, mean
0.13 mg/m?
(0.019-0.252)

strand breaks),
alkaline conditions

{(pH=13) (Dlive and
Banath, 2006

, ), lysis

2-hrforN =178 &
over-night for N = 62,
50 lymphocytes/
sample, image
analysis software;
cytokinesis-block
micronucleus assay,

Fenech {1993)

analyzed 1,000
binucleated cells/
subject, scoring
criteria Fenech
{1993), Fenech et
al. {2003);

Zhitkovich and

referent not
described.
Participation rates
not reported.
Exposed and
referent from
same factory.

agents in previous
3 months
(radiotherapy &
chemotherapy).
Structured
guestionnaire
collected info on
smoking, alcohol,
medical conditions,
occupational
history, and house
redecoration in last
year.

ANOVA differences
by exposure group
(control, low and
high), adjusting for
age, sex, smoking,
alcohol, # work
years)

Regression for trend
across exposure
level adjusting same
as above; Poisson
regression for MN
frequencies, linear
regression for
Ln(OTM )
Across-shift:

Paired Wilcoxon text
(MN freq) or paired
t-test (OTM or DPX);
regression models

exposure,
potential bias
toward null.
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Reference and | measures and Outcome selection and likely completeness of
setting range classification comparability confounding results Study size Comment
Costa’s KCI-SDS assay for trend with
{(DNA-protein exposure levels
crosslinks)
Marcon et al. |Modeled outdoor |Epithelial mucosal Random sample of {No adjustment for |Linear regression for|N = 413; Potential
(2014) (Italy) formaldehyde cells using cytology  |participants in indoor tail length, tail Analysis exposure
Population living concentrations at |brush; comet assay, |previous survey formaldehyde intensity, tail included only misclassification;
residential alkaline conditions,  {(93% of population {concentrations; co- |moment and complete no obvious bias

in proximity to
chipboard plants

address based on
data from 62
monitoring sites in
district; four 1-wk
sampling periods
(2 each in warm
and cold seasons);
calculated annual
average
concentration of
formaldehyde and
NOy; estimated at
each address
using ordinary
Kriging;
formaldehyde 2.5
£0.3 pg/m?, NO
16.0 +3.5 ug/m?3,

50 cells per subject;
MN 2,000 cells per
subject, according to

Tolbert et al.

(1991)

in Viadana District)
with children
under 12 yrs,
ltalian primary
language, and
address
information;
invited stratified
random sample in
3 strata of distance
from wood
factories (656
remaining in
district since 2006
of 750),
participation 63%,
participation was
not higher in
residents closest
to wood factories;
higher proportion
of nonparticipants
were of foreign
nationality and

exposure with NO;

binucleated cells;
negative binomial
regression for
micronuclei and
nuclear buds;
models adjusted for
children’s sex, age,
nationality, parents’
education, parents’
smoking, exposure
to tobacco smoking
at home, time with
windows open,
traffic near home,
orthodontic
appliance, condition
of teeth, person
who collected cell
sample

datasets for
comet assay,

n =310 and MN
n=374
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had smoking
parents
Musak et al, Air monitoring Chromosomal Recruitment and |Exposed and Adjusted odds Exposed No obvious bias
{2013} (Slovakia) |once per year (no |aberration, peripheral |selection of referent ratios, Binary logistic|N = 105;
Prevalence study |details provided) |blood lymphocytes, |participants not comparable for regression Referent
Pathologists blinded analysis, described. age, gender; % controlling for age, |N =250
cultured 48 hr, 100  |Participation rates |smokers slightly gender, job type,

mitoses scored/
subject, 2 scorers

not reported.
Exposed and

higher in exposed;
analyses adjusted

and smoking

referent all for age, gender, job
employed in type, and smoking
hospitals
Orsiere et al. Personal sampling |Peripheral Selection & Groups similar for |Differences by Exposed n =59; |No obvious bias.

)

pathology labs
{(prevalence)

near breathing
zone;
Short-term: 15
minutes, Long-
term 8 hrs during
typical work day.

lymphocytes, blood
samples taken

preshift and postshift;
processed within 6 hr,

assays conducted
blinded. Chemi-
luminescence
microplate assay;
cytokinesis -blocked
micronucleus assay
Sari-Minodier et al.
{2002); cultured 72
hr, smears on slides,
stain 5% Giemsa,
scoring criteria
(Fenech, 2000)

recruitment of
exposed and
referent not
described,
however
subgroups
selected randomly.
Exposed and
referent worked in
same institution.

gender, age, %
smokers. No
exposure to other
genotoxic
substances.
Excluded history of
radiotherapy or
chemotherapy and
use of therapeutic
drugs that were
known mutagens
or reproductive
toxicants

group analyzed
using nonparametric
Mann-Whitney U-
test; median DNA
repair across shift
analyzed using
Wilcoxon W-rank
sum test. Analyzed
binucleated
micronucleated cell
rate (BMCR), and
MN measures using
multivariate
regression adjusting
for smoking,
drinking, age, and
gender.

referent n = 37;
Subgroups

Exposed n = 18;
referentn =18
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; 1,000 binucleated

cells/ subject; FISH

with a pan-

centromeric DNA

probe, same operator

scored exposed and

referent blinded
Pala et al. Personal samples, |Peripheral blood Selection & Statistical models  |Multivariate N=36 No obvious bias;
(2008) (italy) one 8-hr shift; samples collected at |recruitment of adjusted for regression models only 9 exposed
Research 75% exposed to < |same time at end of |exposed and gender, age, and adjusting for above 0.026
institute lab 0.026 mg/m?. day; processed within |referent not smoking gender, age, and mg/m3.

(prevalence)

20 hr; analysis blind
to exposure.

CA, harvested after
438 hr, 100
metaphases/ subject
SCE, cultures
harvested at 72 hr,
analysis of 30 second-
division cells/subject;
MN: modified
cytokinesis-blocked

method, Fenech

and Morley
(1986); 72 hr
incubation, stain 3%
Giemsa, 2,000
cells/subject

described.
Participation rates
not reported.

smoking; Poisson
model for CA and
MN, SCE log-normal
random effects
model, comparisons
were low and high
exposure groups,
below and above 26
ug/m?

Peteffi et al.

{2015} (Brazil)

Furniture
manufacturing

Monitoring in 7

sections in facility;

referent
monitoring in 5

Peripheral blood
processed within 4 hr.
comet assay, alkaline
conditions according

46 workers in
furniture
manufacturing
facility and

Exposed and
referent had
comparable
distributions for

Nonparametric tests
used because data
were not normally
distributed.

Exposed n = 46,
referent n =45

No obvious bias
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areas of to Tice et al. unexposed group |age, smoking, and |Exposed and
university; (20001_ silver nitrate recruited from alcohol; differed by |referent compared
breathing zone staining according to employees and gender u5|r1g Mann-
8-hr samples . students of local  |Exposed 56.5% Whitney test;
Nadin et al. T
collected on same |-t university with no |male, referent
day as biological 2001); 100 cells/ history of 33.3% male; no
samples. Urine  |PErson read by tWo  |gccupational association of any
samples collected |independent exposure to biomarkers with

at end of work day
on 5" day of work;
correlation of
formaldehyde
concentration in
air with urinary
formic acid
concentration, r =
0.626, p <0.001

observers (50 cells
each). Blinding not
stated, classified by
visual scoring
according to

Anderson et al.
(1994); 5 categories

based on tail
migration (0-1V) and
frequency of
damaged cells (sum
of I-1V), damage

index (Pitarque et
al., 1999)

Oral mucosa samples
(scraped with
endocervical brush},
micronucleus test,
DNA-specific Feulgen
staining and
counterstaining with
Fast Green according

to Tolbert et al.

{1992); analyzed

potentially
genotoxic agents
or substances
metabolized to
formic acid

gender (data not
shown)
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2,000 cells/ person by

2 independent
chservers (1,000 ea)

Santovito et

al, {2014)
(ttaly)
Hospital nurses

All exposed used
protective
equipment; no
formaldehyde
measurements,
intensity and
frequency likely
highly variable

Peripheral blood
samples, coded,

processed within 2 hr

after collection.
Cultures incubated
for 48 hr for CA and
72 hr for SCE; CA

slides stained with 5%

Giemsa, scored 200
metaphases per
subject, gaps not
scored as CA; SCE 50
metaphases scored
per subject

20 female nurses
from 2 analogous
departmentsin 2
hospitals; 20
referents from
administrative
departments of
same hospital; all
nonsmokers and
did not consume
alcohol

Accounted for sex,
age, smoking, and
alcohol in design;
referents from
same hospitals

Nurses exposed to
other substances

Mean frequencies
compared, Wilcoxon
test; regression
analysis, association
of age and exposure
duration on CA and
SCE

Exposed n = 20;
Referentn =20

Potential for large
degree of
exposure
misclassification
and variation in
intensity of
exposure; bias
toward null; small
sample size

Santovito et

al, (2011)

(ttaly)
Pathology wards

Personal sampling
hear breathing
zone, 8-hr
duration

Venous blood sample

collected at end of
shift, samples coded
and processed within
4 hr, same day
concentration
sampling conducted,
cultured 48 hrs;

CA 5% Giemsa stain;
scored 100
metaphases/ subject

Recruitment and
selection of
participants not
described;
participation rates
hot reported.

All nonsmokers,
hondrinkers, no
drug use 1 year
prior; no
information on
other exposures
{(acetone, ethyl
alcohol, xylene)

Mean % of cells with
aberrations and
frequencies of
aberrations per cell
compared using
Mann-Whitney U
test, 2-tailed.
Generalized linear
models (Poisson
distribution)
adjusting for age,
gender,
polymorphisms,
Cubic spline
regression of mean
% of cells with

Exposed n = 20;
Referentn =16

No obvious bias
Small sample size
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setting range classification comparability confounding results Study size Comment

aberrations and
frequencies of
aberrations per cell
with number years
exposed and age

Schlink et al.  [Personal sampling {Blood samples Recruitment and |Considered effects |MGMT activity Exposed N = 41 |No obvious bias,

(1999) near breathing collected before 15t |participation of of age, sex, change compared [Referent N = 10 |small sample size

(Germany) zone once per class and after days  [students were not {smoking, and (U-test, paired data)

Anatomy week, sampling 50 and 111; O°- described. 41 alcohol within categories of

students period not alkylguanine DNA students from one sex, smoking,

reported. alkyl-transferase university course, allergy, and alcohol;

formaldehyde
exposed, Mean %
SD,0.2+£0.05

activity in peripheral
blood lymphocytes
{modification of

16 students from a
different university
course, and 10

as well as between
groups (Wilcoxon,
Mann and Whitney

mg/m3, 0.14-0.3  [Klein and Cesch unexposed U-test)
mg/m? (1990}, expressed as students
fmol MGMT/ 108 cells
(LOD 1 fmol MGMT/
106 cells), blind to
period of sample
(before or after)
Shaham et al, |Personal and Peripheral Selection & Exposed and Analyses by ANOVA |Exposed DPX: Low sample
(1997) (Israel) “field” samples, llymphocytes; DPX, K- |recruitment of referent matched |adjusting for N =12 SCE: numbers; no
anatomy/ duration 15 min, |SDS method; double |exposed and by age (matching |smoking; difference |N =13 Referent |obvious bias.
pathology multiple times blinded. SCE at 72 referent not protocol not in means, t-test; DPX:N=8
departments during work day (#|hrs, mean of 30 cells/ |described. described). No linear regression for [SCE: N = 20

(prevalence)

also reported in
Shaham et al.

(1996)

not reported).

individual, blinding
not described

Participation rates
not reported.
Referent group
worked at same
institution.

exposure to other
mutagens or
substances known
to cause DPX in
either exposed or
referent.

DPX levels or means
SCE per
chromosome by
years of exposure to
formaldehyde
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Outcome
classification

Consideration of
participant
selection and
comparability

Consideration of
likely
confounding

Analysis and
completeness of
results

Study size

Comment

Shaham et al,

(2002)

(Israel)
Hospital
pathology labs

Personal and area
samples, sampling
at different points
in work day,

sampling duration

SCE in peripheral
lymphocytes, blood
samples collected at
same time in
morning; blinding not

Recruitment and
selection of
participants not
described.
Referent group

Authors presented
demographic data.
Exposed were
higher proportion
female, European/

Mean # SCEs per
chromosome and
proportion of high
frequency cells
compared between

Exposed n = 90;
Referentn =52

No obvious bias

averaged 15 min |described, stain from American, exposed and
fluorescence plus 5% |administrative education >12yr, |referent. Difference
Giemsa, scored 30-32 |sections of same  |and lower between means
cells/subject hospitals proportion assessed using
smokers. No ANOVA (unbalanced
exposures to other [design) adjusting for
chemicals linked to |age, gender,
SCE. Confounding |smoking, origin and
addressed in education years
analysis
Shaham et al. [Personal and Peripheral Selection & Adjustment for age, |Analyses: Exposed No obhvious bias.
“field” samples, |lymphocytes; DPX, recruitment of sex, smoking, comparisons of N = 186;

(2003) (Israel)

14 hospital
pathology
departments
(prevalence)

duration 15 min,
multiple times
during work day (#
not reported).

same protocol as
Shaham et al.

{1997); scE;

pantropic p53

exposed and
referent not
described.
Exposed and
referent worked in
same institution.

origin, and years of
education in
analysis. No
exposure to other
mutagens or
substances known
to cause DPX in
either exposed or
referent.

mean DPX adjusted
for sex, smoking,
age, origin, and
years education.
Comparison of
mean DPX by low
and high
formaldehyde levels
and by duration of
exposure, Mann-
Whitney test

Referentn =213

Souza and Devi
{2014) (India)
Prevalence study
Anatomy Dept
(embalming)

No formaldehyde
measurements
reported.

Total MIN/1,000 cells
peripheral
lymphocytes. Assays
conducted blinded.
Cytokinesis -blocked

Recruitment and
selection of
participants not
described.

Provided
characteristics of
exposure groups
(see Table 1). All
male, age

Frequency MN
compared by
exposure group
using Student’s
t-test, and by

Exposed N =30
Referent N = 30

No obvious bias
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setting range classification comparability confounding results Comment
micronucleus assay  |Participation rates |[comparable, higher |duration of
Costa et al, not reported. prevalence employment using
(2008); stain 4% smokers in Pearson-'s
Giemsa, scoring exPosed. . correlation.
o Adjustment in Exposure and
criteria Fenech . )
T analysis. Excluded |smoking evaluated
Q_QQ_Q_),, 1,000 freguent exposure [together using two-
binucleated cells/ to x-rays or other  |way ANOVA.
subject. Frequency radiation, worked
MN compared by in paint or pesticide
exposure group using industries or
Student’s t-test, and history of
by duration of chematherapy.
employment using
Pearson’s correlation.
Speit et al. Generation using |MN in buccal mucosal |[Excluded severe  [Within person Post exposure N=21 No obvious bias.
(20073) para- cells-1 wk before allergy, skin or comparison compared to
(Germany) formaldehyde; 10 |start, at time=0, after |airways disease, preexposure using
Controlled consecutive days, |end of exposure, and |acute infection, Wilcoxon ranked
hurman exposure 5 groups of 3-6 1, 2, and 3 wks after |current smoking or sum test
study persons in end of exposure; cells \within last 3 yrs,
chamber, 4 hr collected with metal |contact lenses or
exposures, some |spatula, smeared glasses, >50g
exposures masked |onto slides, blinded |alcohol per day,
with ethy! acetate, |analysis at end of present use of
3 15-min exercise |study by one person, |psychotropic
sessions during stain DAPI/ propidium |agents, exposure
exposure; iodide, 2,000 cells/ to ionizing
randomized order |subject radiation, or
of concentration, cytostatic drugs
double blinded during the last 6
mos
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Exposure participant Consideration of | Analysis and

Reference and | measures and Outcome selection and likely completeness of

setting range classification comparability confounding results Study size Comment
Suruda et al. [|Personal sampling |Nasal mucosa cells, |Recruited 21 students had Change in N=29 No obvious bias
(1993) (USA) for 121 of 144 oral mucosa cells, volunteers prior to |some prior individual;
Panel study, 85 d embalmings; blood samples beginning of embalming difference in mean
Embalming’ cumulative collected in morning |course; reported |experience during |pre- and
course exposure before 1% class and  |loss to follow-up. |lifetime; exposure |postexposure,

estimated using
sampling data and
time-activity data;
Continuous area
samples at head
height over
embalming tables
for short-term
peak
concentrations;
monitored for
other compounds:
glutaraldehyde,
methanol,
isopropyl alcohol,
and phenol

after 9 wks;
processed on same
day, analysis of slides
blinded to exposure
status; pre- and
postslides from each
subject stained at
same time and read
together by one
reader, conducted a
blinded 10% recount
of slides; MN assay
buccal and nasal cells

Stich et al. (1982),

collected with
cytopathology
brushes, slides
prepared with
cytocentrifuge, stain
Feulgen/ Fast Green,
1,500 cell/ subject;
MN lymphocytes
Fenech and

Morley (1985},

stain Feulgen 2,000
cells/ subject;

Excluded one
student with many
embalmings in
previous 90 d, &
one students who
chewed tobacco
during study

to other chemicals
below LOD or very
fow, confounding
not likely

matched Student’s
t-test (SCE) or
Wilcoxon sign-rank
test (micronuclei);
Change with
cumulative
exposure
spearman’s rank
correlation
coefficient & linear
regression (if
residuals were
normally
distributed)
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SCE 50 s division
metaphases scored/
subject
Suskov and Area samples, # |Cytogenetic analysis |Recruitment and |Average age in Compared Exposed n =31; |Brief report,
Sazonova and duration not |in peripheral selection not exposed 39.1yr, chromosome Referentn =74 |minimal detail of
reported lymphocytes; described. referent 34 yr. aberration methods
1982) (USSR) Chromosomal Matched for frequency by
Phenol- aberrations, blinding gender, smoking, |exposure group,
formaldehydg not described, alcohol, and chi-square
resin production Buckton and Evans medication (data
cytogenetic method, not shown)
1973
Thomson et |Sampling in CA frequency, stain  |All exposed Obtained smoking |Data analysis not Exposed n=6; |Reporting of study
al. (1984 breathing zone; 26 |fluorescence plus worked in same histories described referentn=5 methods and
samples taken for |Giemsa technigue laboratory; group

(Great Britain)
Pathology lab

the duration of
the task involving

Perry and Wolff
{1974), cells

characteristics of
referent not

characteristics not
adequate; low

formaldehyde harvested 48 hr, provided. sample numbers
exposure, over 1= | o5 coded and
3 mos, sample scored 100 1% division
duration not metaphases/ subject;
reported, SCE frequency, cells
calculated TWA harvested 72 hr, 50
Measureq peaks cells/subject; blinding
in breathing zone not reported
on one day for
different tasks
Titenko- See Suruda et Buccal cells, Scored  |Subjects with Change in Change in total MN, |Complete MN No obvious bias
Holland et al. |al. (1993) previously unstained missing MN data |individual. MN- and MN+ data from
1996) < Calculated 2 and unanalyzed were compared to |Exposure to other |frequency (per 1000 |buccal mucosa,
i@ajme exposure periods: slides. those with chemica